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A new transpiration apparatus has been designed to 
study the complexation effects in various vapor transport 
reactions. This technique involves saturating a purified 
carrier-gas with the complexing agent FbgCl^^g) and 
allowing this gas to react with a pure metal chloride 
and condensing the resulting vapor on a cold condenser.
The weights of the various metals contained in the condensate 
were then used to calculate the vapor pressures as well as 
the thermodynamic properties of the various gaseous species. 
This technique was found to be extremely efficient and 
accurate, but was limited to in the range of
2 to 12 mm Hg.
A model has been developed to identify the various 
stoichiometric coefficients for the complexation reaction, 
based on the analysis of material collected on the condenser. 
This investigation v/as conducted in two stages: 1) a set
of preliminary experiments were conducted with MnCl^^^j, 
CoCl^^^j» and NiCl^^^) the presence of Fe2Cl^^g^; 2) on 
the basis of the results, MnCl̂ ^̂ jj was chosen and a complete 
investigation v/as carried out.
A mass spectrometer fitted with a graphite Knudsen-Cell
111
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was also used in this study to help identify the gaseous 
species.
'.Vith the help of the transpiration system and the mass 
spectrometer, the thermodynamic properties for the following 
reaction have been determined:
1) The vapor species in equilibrium with MnCl^^^j 
has been identified as MnCl2( ) in the temperature range
of 350^̂  to 550°C, The results show that does not
decompose to any other form of manganese chloride in the 
gas phase at these reaction temperatures.
2) For the reaction
Y MnCl^^ç) + X Fe^Cl^^gj + Z (6X+2Y+2Z) (g)
the stoichiometric coefficients X and Z were experimentally 
determined to be 1 and 0 respectively. The value of Y could 
not be determined with the experimental techniques employed. 
However, a value of 1 for Y has been assumed.
3) For the reaction
the standard free energy change v/as found to be
.0
'RAG° = 54,453.0 - 43.7T; + 216 oal mole"^
{502° to 624°C}




the standard free energy change was found to be 
AG^ = 14,946.0 - 12.60T; + 46 cal mol"^
{385° to 575°C}
The free-energy equations obtained from this study 
for MnCl2(g) and MnPe2Clg^  ̂ compare well with the results 
calculated from the literature. The marked increase in 
the apparent vapor pressure of MnCi2 ĝj in the presence of 
Pe2Cl^(g) could lead to the development of new processes 
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Though vapor-phase transport processes have been used 
in extractive metallurgy since the beginning of this century, 
the phenomena of the formation of vapor complex species 
(which are gaseous halogen species containing two metals) 
in binary metal halide systems have not been investigated 
in any great detail until recently by Howard^^^ and Dewing^^^ 
They have shown that a vapor complex species can be formed 
when an inert gas is passed over certain binary halide 
mixtures. The discovery of the formation of vapor complex 
species and their stabilities at lev/ temperatures might 
lead to new methods for the extraction and refining of 
various metals.
This effect has been recently discovered and studied 
by numerous investigators for a variety of systems. In 
most of the systems studied, one of the components has been 
an alkali halide. Very little work have been done on 
systems where both components are non-alkali metal halides.
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A. PURPOSE OF THIS STUDY
The conventional methods of extracting and refining 
metals from ores require modifications or alternate methods 
have to be discovered, since most of the present day ores 
are low-grade. Since the vapor pressure of the complexing 
species have been found to be quite high, the volatility 
of the reacting components can be appreciably enhanced. 
Therefore, the formation of the complex species might lead 
to new processes in extractive metallurgy where metals can 
be efficiently extracted from their low-grade ores. In 
particular, there are no satisfactory methods of extracting 
metal chlorides from chlorinated ores, except by aqueous 
leaching which involves the inconvenience of washing and 
filtering large quantities of material. An alternative to 
leaching is the distillation of the metal chlorides. 
However, this process usually requires high temperature 
operations, since the volatilization of most chlorides 
normally occurs only at temperatures in the range of their 
melting points. Hence, a new method which would lead to 
a more efficient and economical extraction and refining of 
metals from ores, slag or scrap at low temperatures must be 
developed.
A literature survey indicates that an increased 
volatility of the metal chlorides can be obtained through 
the formation of vapor complex species. But most of the
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investigations lacked thoroughness and did not arrive at 
any positive conclusions. This point has been brought 
out recently in the following review papers.
In the process of studying the different methods of 
removing non-ferrous metals from pyrite cinders and iron 
oxide fumes, Fletcher found that the volatilization 
of chlorides could be considerably influenced by the presence 
of another metal. It was also shown that the volatilization 
of zinc v/as enhanced by the presence of copper oxide. It 
was suspected that this was due to the formation of a 
double chloride (possibly a vapor complex species). In 
any event, this fact has never been investigated and 
confirmed.
While discussing the chloride volatilization processes 
in extractive metallurgy, Shelten^^^ points out that the 
silver present in copper ore was transported even though 
the volatility of AgCl at the operating temperature was 
very low. This also is probably due to the fact that 
silver is replacing copper in the vapor trimer molecule 
of copper chloride.
In the study of metal chloride volatilization processes, 
it has recently been found that the addition of another 
metal or metal chloride often changes the volatilization 
characteristics of the metal being processed. Lee noted
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a marked increase in the vapor transport of the metals 
Fe, Ga, Si, and Zr when these metals reacted with their 
own chlorides, such as Fe with FeCl^» Ga with GaCl^ etc.
He also noted the same effect when Al, Ga, Ge, Fe, Si, 
and Ti reacted with chlorides formed from any one of the 
metals listed here, e.g. Al with GaCl^, GeCl^, SiCl^, or 
TiCl^, and Ga with AlCl^ etc. Dewingobserved an 
increased volatilization of Mn, Ni, Zn, Cd, Co, and Pb 
chlorides in the presence of both Al^Cl^^^^ and Fe^Cl^^gj. 
Both the above mentioned authors attributed the increased 
volatilization of the metal chlorides to the formation of 
volatile complex species. The complex species are of the
general type ^̂ ®y^®2X^^(6X+2Y+2Z ) (g)̂  ̂• neither
Dewing nor Lee attempted to substantiate and determine 
the molecularity of the vapor complex species.
A fundamental study of the enhanced volatility of
gold chloride in the presence of iron was made by Hager 
( 7 )and H i l l ' T h e y  used a new transpiration-mass spectrom- 
etric technique, whereby the molecularity of the formed 
vapor complex was determined to be AuFeCl^^^j. A similar 
effect was reported by jZfye and Gruen^^\ v/ho noted a 
Nd-Al-Cl complex when Al^Cl^^^^ was passed over NdCl^^g^.
The above works indicate that complexation in the 
vapor phase may possibly occur in systems in which both
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components are non-alkali metal halides. If these gaseous 
complex species are found to be stable, and if they have 
significant vapor pressures at reasonably low temperatures, 
it would then be possible to use their formation as the 
basis of new low temperature vapor phase extraction methods. 
This would open new avenues in the area of extractive 
metallurgy.
To understand the problem better and to conduct the 
investigation in the right direction, a literature survey 
was carried out in order to determine the characteristic 
trends that seem to occur in the known formation of volatile 
halide complex species, and to select several systems for 
a review of preliminary experiments. Then, for the ease 
of selecting one system where the complexing effect might 
be important, a series of preliminary experiments were 
conducted on a number of divalent metal halides using 
Fe2Cl^^gj as the complexing agent. On the basis of these 
results, one metal chloride v/as selected for further 
investigation. Fe^Clx/ \ has been chosen as the comolexing2 0(g)
agent because iron pyrite is a common constituent in ores 
containing manganese.
The purpose of the present investigation can, therefore, 
be summarized in the following way:
1) To conduct a literature survey in order to understand
T 1496
the complexation effects in various systems and to select 
some systems for preliminary study.
2) To conduct a set of preliminary experiments in 
order to select one system for detailed investigation.
3) To identify the vapor complex species in the 
selected Me-Fe-Cl system and determine its various 
thermodynamic properties.
B. LITERATURE SURVEY ON THE FORMATION
OF VAPOR COMPLEX SPECIES 
Most of the previous investigations on the vapor 
complex species formed in binary metal halide systems 
have been with a non-metal alkali halide as one of the 
constituents. In every alkali halide-metal halide system 
investigated, the major complex species has been assumed 
to be a simple addition compound, i.e.
“®°L(c,l) + (1)
where Me and Me* represent metal and alkali halides 
respectively. This assumption in almost all cases was 
not confirmed. In some instances, other complex species 
in addition to the one assumed above have also been 
suggested as existing in the vapor phase, but these too 
were never verified.
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Bloom and using both transpiration
and Knudsen cell-mass spectrometry methods have studied 
extensively the formation of vapor complexes in the 
PbClg-CsCl and CdCl2-CsCl systems as well as other alkali 
metal halide systems. The vapor complexes have been 
identified by mass spectrometer as PbACl^^^j and CdACl^^^j 
where A is Na, K, Rb or Cs. Their transpiration study which 
provided information on the partial pressures of the 
various gaseous species, have indicated the formation of 
the complex ions in the melts, and have confirmed the 
mass spectrometric identification of the vapor complex 
species. The transpiration results further indicated the 
presence of another complex species, possibly CdCsCl^^g^, 
which was probably present at concentrations below the 
detection limits of the mass spectrometer.
Porter and Z e l l e r h a v e  studied the system LiF-AlF^ 
at low temperatures (50^-80^0) using Knudsen cell-mass 
spectrometry. The mass spectra indicated the existence of 
a stable LiAlF^^^^ vapor species. In addition, they also 
observed a second complex species (LiF)2.( A I F ^ ) o r  
(LiF.A1F^)2. However, they were not able to ascertain 
which of these was the secondary species.
(n)Hager and Hill' studied the enhanced volatility of 
gold chloride in the presence of iron and identified by
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mass spectrometry the complex species AuFeCl^^ Their 
study indicated that within the detection limits of their 
mass spectrometer system, no other vapor complex species 
was present. The above studies utilized a mass spectrometer 
to provide a positive identification of a vapor complex 
species in the system investigated.
All other identifications of vapor complex species
which are discussed below have assumed the molecularity
of the complex species. In many instances, the existence
of additional complex species was suspected, but never
investigated and confirmed. Unless the molecularity of
the complex species is determined by laboratory experiments,
the results in most cases are ambiguous. For example, a
complex species Zn(hH^)Cl2 was assumed to be formed
from ammonia and zinc, because the chemical analysis of
the vapor transport condensate yielded a mole ratio of
1 : 1 for zinc and nitrogen. However, a recent study by 
(111Cubicciotti has indicated that the compound NHĵ Gl̂ ĝ  
was being transported along with ZnCl^^gj, and there was 
in fact no vapor complex formation. This proves that a 
thorough investigation is required in order to understand 
the complexation effects.
Schrier and Clarkidentified the species KügCl^^ ) 
using partial pressure data calculated from transpiration
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experiments. However, Bloom and Hastie^^^^ noted that 
Schrier and C l a r k d a t a  could also be used to indicate 
a second vapor species KligCl̂ ^̂  ̂which Schrier and Clark^^^^ 
had not considered.
Since most of the investigations that are mentioned 
below have used a transpiration technique to measure the 
vapor pressure of the complex species, the nature of the 
molecularity of these species in most cases have been at 
least partially assumed. For instance. Rice and Gregory^^^^ 
investigated the system NaCl-ZnCl^ using a transpiration 
technique and reported the existence of a complex species 
ZnNaCl^^g) in the vapor state. However, they were unable 
to decide whether ZnNaCl^ and ZnNa2Cl^ were present 
independently or as a mixture. However, in investigating 
the same system with a mass spectrometer, Bloom and co- 
workers^^^) discovered still another complex species, namely 
Zn^Na^Cl^, in addition to ZnNaCl^^gj.
Schrier and C l a r k a s  mentioned earlier, have 
investigated the system KCl-MgCl^. Using a transpiration 
technique, they determined the apparent partial pressures 
of the binary chlorides assuming no association in the vapor 
phase, and compared the sum of these partial pressures with 
the total pressure measurements obtained using the boiling 
point method. They observed discrepancies between these
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two total pressures, and attributed these discrepancies to 
complex species formation, which was not considered in 
calculating the apparent partial pressures. They postulated 
the vapor complex species KMgCl^^ ). Their method of 
identification was based on the location of the maximum 
discrepancy between the two total pressure curves when 
plotted against composition. This method is explained in 
detail in Appendix A2.
Using the transpiration method. Sense and others
studied the NaF-ZrF^ system and proposed a complex species
NaZrF^^^j which is a simple addition of the reacting
components. 7/hen no association in the vapor phase was
assumed, the calculated vapor pressures were thermndynamically
inconsistent with the Duhem-Margules equation (see Appendix
A1). Actually they found an increase in the vapor pressure
of NaF^gj as its mole fraction decreased in the liquid phase.
They resolved this discrepancy by assuming that a vapor
complex was formed, whose composition was taken as the
composition of the liquid state corresponding to the change
in sign of the slope of the partial pressure curve of NaF^^j.
Other minor vapor complex species were suspected to be
present, but no attempt v/as made to investigate this point.
(o')Dewing^ proposed that a complex species NaAlCl^^^^ 
was present in the MaCl-AlCl^ system. His results.
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calculated from vapor pressure measurements, were based on 
the enhanced volatility of HaCl in the presence of AlCl^. 
This vapor complex identification is based solely on the 
fact that MaAlCl^^^) exists in the solid phase, probably in 
the liquid phase, and thus, probably in the gaseous phase.
A similar study was made by Galitskii^^^^ who proposed 
the complex species NaAlCl^ and NaPeCl^. He believed 
that the complex species are present because the vapor over 
NaCl-FeCl^ and NaCl-AlCl^ mixtures always contained sodium 
chloride, which can only pass into the vapor in the form 
of a double compound, since the vapor pressure of NaCl is 
extremely small at the experimental temperature. However, 
he did not state as to how the molecularity of the complex
species NaAlCl^ and NaFeCl^ was arrived at.
Cook and Dunn(̂ ^) and Richards and Gregory^^^^ 
independently proposed the vapor complex species MaFeCl^^^^ 
to explain the increase in sodium chloride volatility upon 
the addition of iron chloride. Their identification was 
based on the determination of the atomic ratio of Na to Fe 
in the condensate. Richards and Gregory^^^^ state that 
complex species such as Na^FeCl^^^j and Na^FeCl^^  ̂ are also 
possible, but this was not investigated further. However, 
even if such species are present, they say, their partial 
pressures must be very low.
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H o w a r d proposed the vapor complex NaAlF̂  ̂based upon
chemical and X-ray analysis of transpiration condensates.
This identification was based on the analogy with other
knov/n compounds of the form HAlFĵ , where H may be ammonium,
potassium, rubidium or thallium, and the chemical analysis
of the condensate which gave a 1 : 1 molar ratio of NaF to
AIF^. However, the existence of gHaP.AlF^ and 5HaF.3AlF^,
determined by thermal analysis, and 2NaF.AlF_ and NaAlF^.H^O,
determined by aqueous studies, have also been mentioned in
the earlier s t u d i e s I n  conclusion, it can be seen that
there is a general agreement on the molecularity of the
complex species in the NaCl-I/leCl̂  and NaCl-AlF^ systems
where He is Fe or Al, though no positive evidence for this
fact was given by any investigators.
f 21 )Gruen and jzfye have spectroscopically studied the
vapor complex of neodymium chloride with aluminum chloride. 
Though evidence for a volatile vapor species v/as obtained 
in this system, no mention has been made of the molecularity 
of the complex species. However, when they again spec- 
trophotometrically investigatedthe same system, the 
results indicated the presence of tv/o or more gaseous 
Nd-Al-Cl complexes. Although the presence of Nd(AlCl^)^ 
and Nd(AlCl^)2(g) or NdClfAlCl^jfAlgCly)^^) and NdClCAlgClyizt )
complexes v/as assumed, it was noted that the experimental data
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does not exclude the possibility that more than one mole 
of neodymium may exist in the vapor complex, i.e., as 
Nd̂ CAlClĵ ) rathar than just Nd(AlCl^). A choice between 
these proposed complex species could not be made with the 
data given.
(2 2 1Gruen and McBeth spectroscopically identified the 
presence of a volatile complex species in the UClĵ -Al̂ Cl̂
system and found that the ratio of ^^omplex^^UCl^ was 
around 10^ at 350^0» But the molecularity of the complex 
species has not even been mentioned. However, in their 
later work , they resolved the molecularity of the 
complex species by assuming different sets of valves for 
nf, n2 and n^ for the reaction given below and plotted 
log K vs 1/T for the different reactions;
^n^^^2n2^^(4n^+6n2+2n^)(g)
The set of values which produced the least deviation from 
linearity in the plot has been taken as the correct values 
of n^, n2 and n̂ . The values of n^, n^t and n^ so found 
were 1, 0.3, and O.5 respectively. In this study, though 
the experiments were conducted at different partial pressures 
of Al2Cl^^ j and no effort v/as made to change the
activity of UCl^^^) the determination of the properties 
of the complex species.
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NaBr
A recent work by Schaaf and Gregory^^^^ on the 
-ZnBrp system indicates the presence of a simple
addition compound NaZrBry as the complex species. This 
has been proved on the basis of a plot of the apparent 
pressure of complex species against the pressure of ZnBr2 
and showing that this plot was linear with a slope of + 1.
It was also argued that the absense of any noticable 
curvature in these plots indicates that species with more 
than one zinc atom are not of major importance in the 
equilibrium vapor. It has been further mentioned that 
the transpiration data provide no direct verification of 
the molecular form of the complex species. The equilibrium 
constants for the complexation reaction studied were given 
as a function of temperature.
V/hile investigating the vapor complex formation in the
system CrCl^-Al2Cl^ using a transpiration technique, Lascelles 
H (24 26)and Schafer concluded that the complex molecule should
be in the form of CrCl^.3 A 1 C 1 ^ . This was arrived at, first 
by assuming various molecularities of the complex species, 
secondly making a plot of the amount of CrCl^ transported 
against the partial pressure of Al2Cl^^^^, and thirdly 
comparing this with the experimental results obtained. The 
experimental results agreed very well with the plot for 
CrCl^,3AlCl^, proving that CrC1^.3AlCl^ is the complex species
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present in this system. It can be seen that though the 
authors have checked their results against different partial 
pressures of AlgCl^^ they assumed that only one mole of 
CrCl^ is taking part in the formation of the complex species, 
i.e. they did not change the activity of CrCl.^^) order 
to prove the stoichiometric coefficient of GrCl^^^)' Certain 
other features about this work ares
1) a diffusive flow (no carrier gas) was used for the 
transpiration experiments and so the attainment of equilibrium 
in the system is questionable ; 2) in considering the total
pressure in the system, the partial pressure of the complex 
species was not included.
The only work which is relevant to the present investiga-
(27 28 29)tion was done by Dewing ' ' who studied the reactions
of the complexing agents Fe^Cl^^^j and AlgCl^^  ̂with the 
chlorides of Hg, Ca, Mn, Co, Ni, Cd, and Pb. He proposed 
a complex species in the vapor state of the form HeFe2Clg^  ̂
or MeAl2Clo^ j, and a possible second compound of the form 
MeAl^Cl^^^^^(27) Me^Al^Cl^^^ where Me represents
the metals referred to above. Dealing with the system 
MeClgj-Al2C l ^ ^ , he suggested different secondary complex 
species - MeAl^Cl^^^^j in reference (2?) and Me^Al^Cl^^^  ̂
in reference (28) and (29). He used a diffusive flow of the 
complexing agent over the metal chlorides, rather than a
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constant regulated flow of carrier-gas. Therefore, his 
results may greatly dependent upon the thermal gradients 
in the system, which would give rise to thermal diffusion 
effects. His observations of enhanced volatility may be 
more due to thermal diffusion gradients than due to any 
vapor complex formation. It is also doubtful whether 
the results correspond to true equilibrium conditions.
Another complete work which is of interest was done 
by Hagemark and o t h e r s w h o  identified the presence of 
the associated vapor species KPbCl^ and RbPbCl^ in the 
systems KCl-PbCl^ and RbCl-PbCl^ respectively using partial 
pressure measurements. They observed that the experimental 
results for the total pressure of the system deviated 
negatively from ideal gas behaviour. This deviation was 
accounted for a complex species between the alkali chloride 
and PbCl^. The stoichiometric coefficients were determined 
by varying the partial pressures (and the ratios) of the 
two salts in the binary mixtures.
Rao and Kusch^^ ' reported the existence of the complex
species KPeCl^^g) and CsFeCl^^^j in the systems KCl-FeCl2
and CsCl-FeCl2 respectively by measuring their dissociation
energies with molecular beam deflection machines. This
( 82 )confirms the results published earlier  ̂ on the system 
KCl-FeCl2 where a velocity analysis of a molecular beam
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containing complex species was done to establish the complex 
species.
( 88 )Seraenenko and co-workers studied the interaction
between AlCl^ and BeCl^ by thermographic and X-ray analysis
and noted complexing effect between the components. The
nature of the complexing species was however identified 
+ +as BeAlCl^ and BeAlCl^ using a mass spectrometer. Gruen
and DeKock^^^) have interpreted the electronic absorption
spectrum obtained during a study of the CsCl-CoClp system
to be that of the gaseous complex species CsCoCl-. This
was arrived at by observing the absence of free CoCl^
vapor in the region and comparing the spectrum of vapors
in equilibrium with liquid composition ICsCl : ICoCl^
with that of other ratio compositions. In a double-oven
apparatus operated within a mass spectrometer, Berkowitz 
(84)and others observed the following measurable concentra­
tions in the spectrum of the reaction products (vapor complex 
species) of LiCl with the copper cell: the ions CuCl**",
LiCuCr, LigCuClg'*', liCUgClg^, and LiCUgCl,'*’,
Ibers^^ noted the condensation of bright blue 
crystals of Co(AlCl^)2 at the cool end of a sealed tube 
when AlCl^ and CoCl^ are melted together at about 225^0 
forming first a blue solution. This indicates that a 
complex species CoCl2.2AlCl^ is formed in the liquid and
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gaseous phases. However, no thermodynamic properties of 
this complex species were studied except the crystal 
structure analysis.
( 87 )Using a mass spectrometer, Schoonmaker and Porter  ̂
have studied a number of alkali fluoride systems, viz., 
LiF-NaP, KF-NaF, Rb-KF, CsF-RbF, and RbF-LiF and reported 
the presence of the complex species LiNaFg^ KNaFg^ 
RbKF^^gj, CsRbFg^g), and RbliFg^  ̂respectively and also 
measured the thermodynamic properties of the various complex 
species.
Schoonmaker and o t h e r s h a v e  identified the complex 
species CrClBr^^^ in the system CrBr^-CrCl^ and measured 
its thermodynamic properties by mass spectrometry.
Rosenstock and o t h e r s h a v e  detected the following 
mass spectra of a number of mixed halide ions in the 
CuBr-CuCl system; Cu^Br^Cl^, Cû Br̂ Cl"̂ , Cû BrCl̂ "̂ , Cu^BrCl^, 
and Cu^BrCl^. However, no thermodynamic properties for the 
above species were given in this work.
By measuring the partial pressures of a number of alkali 
chlorides over molten mixtures with rare earth chloride, 
Austin and othersproposed the following vapor complex 
species: Cs^NdCl^ in NdCl^-CsCl system, K^NdCl^ in NdCl^-KCl
system, Li^MdCl^ in NdCl^-LiCl system, and Cs^SmCl^ and 
CsSm^Cly in SmCl^-CsCl system. Their activity results show
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a negative deviation from ideal behaviour and this increases
in the series IlgClp, LiGl, KCl, and GsCl, They also identified
the following complex species using a mass spectrometer:
CsLaCl^ in LaCl^-GsCl system, NaTbGl^ in TbCl^-NaCl system,
NaHoCl^ in HoCl^-NaGl system, and KHoCl^ in HoCl^-KCl system.
An interesting discussion of the formation of complex
ions in some molten salt mixtures is given by Bredig^^^^ who
uses the technique of interpreting the interaction parameter
for the existence of complex ions. Another discussion on the
application of thermodynamics to the selection of vapor
transport reactions is given by Alcock and Jeffes^^^^. For
II (ho)the first time, Schafer has collected all the available 
data on vapor phase transport reaction and has formulated 
several rules which can be applied to predict these reactions 
under various conditions.
The recent development of processes utilizing vapor 
transport reactions have been described by Powell and others 
A general review of different methods of chlorinating metals 
from their oxide ores are given by Othmer and Nowak^^^^, and 
the application of vapor transport reactions in extractive 
metallurgy by Sale^^^^.
For the sake of convenience and quick reference, a series 
of tables has been prepared showing for the different systems
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that have been studied, the various complex species proposed,
the references in the bibliography, and the available
thermodynamic data for the various complexation reactions.
The tables have been arranged as follows:
Table I-l - metal halide-metal halide systems
Table 1-2 - alkali halide-metal halide systems
Table 1-3 - alkaline halide-alkali or metal halide systems
Table 1-4 - rare earth or actinide halide-metal halide systems
Table 1-5 - rare earth chlorides-alkali or alkaline chloride 
systems
Table 1-6 - Thermodynamic data for the various complexation 
reactions
Table 1-7 - Thermodynamic data for the formation of the various 
complex species
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Table I-l, SYSTEM: Métal Halides with Metal Halides
No. Systems Studied Proposed Complex Species Reference





2 Au-Fe-Cl^ AuFeClg(g) 7
3 CrClj-AlgCl^ CrC1^.3AlCl^(g) 25,26




CoCl^—Fê ^̂ iô CoFe2Clg(g) 27,28,29
MnClg-FegCl^ MnFe2Clg(g) 27,28,29
NiClg-FegCl^ NiFe2Clg(g) 27,28,29
5 CoClg-AlgCl^ CoAl2Clg(g),Co3Al3Cli3(g) 28,29
MnClg-AlgCl^ MnAl2Clg(g),^n3Al3Cli3(g) 28,29
NiClg-AlgCl^ NlAl2Clg(g).NlAl3Cl,3(g) 28,29
6 CoClg-AlCl- CoAl2Clg(g) 36
7 CrBr2-CrCl2 CrClBr(g) 38
8 CuBr-CuGl Cu^F^3Cl*,
Cu3BrCl2*, Cu33rCl'*', Cu2BrCl 39
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Table I-3. SYSTEM: Alkaline Halides with Alkali or
Metal Halides
No. Systems Studied Proposed Complex Species Reference
1 MgClg-KCl KI.lgCl3(g) 14
2 MgCl^-KCl K M g C l3(g ),K r.gC l3 (g ) 10
3 CaClg-AlgCl^ (g) 27
MgClg-AlgCl^ M gA l2C lg (g ),M gA l3C l^ j^ (g ) 27
4 CaClg-AlgCl^ CaAl2‘̂ 8̂ (g) ’ °^3Al3‘̂H5 (g) 28,29MgClg-AlgCla MgAl2Clg(g) ,Wg3Al3dj^3(g) 28,29
5 B e C lg -A lC l- BeAlCl^+.BeAlClf* 33
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T 1-4, SYSTEM: Rare Earth or Actinide Halides with
Metal Halides
No, Systems Studied Proposed Complex Species Reference
1 NdCl_-Al?Cly ? 213 E g
2 NdCl^-AlgClg MdAljCliz^gj.NdAl^Cli^fg) 8
3 UCl^-AlgClg ? 22
4 UCl^-AlgClg UAlClg(g) 23
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The above literature survey reveals that very little work 
has been done on the role oi‘ complex formation in metal 
extraction or purification processes involving chloride 
volatilization, Most of the data found in the literature 
are for the systems where one of the constituents is a 
non-metal alkali halide or a rare earth halide. Very little 
work has been done to determine the molecularity and the 
thermodynamic properties of vapor complex species in systems 
containing non-alkali metal halides.
On the basis of the above literature survey, it would 
appear that complexes might be formed between crystalline 
MnCl^, NiCl^ and CoCl^,and Fe^Cl^^^j. Thus, these systems 
were chosen for the preliminary experiments,
C. PRELIMINARY STUDIES ON THE COMPLEXATION 
OF Mn, Ni/ and Co CHLORIDES WITH FegCl^^^)
In order to test the design of the transpiration 
apparatus and to select a chloride system where the complex­
ation effect is predominant, a set of preliminary experiments 
were conducted on MnCl̂ ^̂ ĵ, NiCl2^̂,j, and C0CI2/2) with 
FogCl^^gj as a complexing agent, A chlorine carrier-gas 
was first saturated with Fe2Cl^^g^ and this gas was then 
passed over the crystalline samples of Mn, Ni, or Co 
chloride, A vapor complex species was assumed to be formed
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due to the reaction between the crystalline metal chloride
and Fe^Cl^^gj. The vapor complex species as well as other
gaseous species were then condensed on a water-cooled 
condenser. The partial pressures and the other thermodynamic 
properties were then calculated on the basis of the condensate 
analysis.
Initially, the vapor complex species MeFe^Clg^gj,
where Me is Mn, Ni, or Go, was assumed to be formed. All
the metal chloride salts were solid at the reaction 
temperatures. All of the preliminary experiments were
ocarried out at a carrier-gas flow rate of 85 cra-̂ min~ . It 
was later shown that the vapor pressure of the complex species 
is independent of flow rate at this flow rate level. 
Experiments were also conducted to determine the vapor 
pressure of the pure salts. These data were required to 
establish the vapor pressure of the complex species.
The results of the preliminary study are shown in Table 
1-8, It is seen that the apparent vapor pressure of MnCl^^gji 
CoCl2 ĝj, and NiCl2^̂ j in the presence of Fe2Cl^(g) are all 
much higher than that for the corresponding pure salts, thus 
indicating that complex species are being formed. However, 
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D. S IT.: VAR Y OF LITERATURE DATA FOR TKE 
3YST3V3 VnCl? AND VnCl2-?e2Cl6
1. System VnCl2
In order to determine the vapor pressure of the complex 
species in the VnCl2-Fe2Cl^ system, the vapor pressure of 
MnCl2(̂ ) over its pure solid phase has to be known at the 
desired reaction temperatures ( ~350°~630^C). A search in 
the literature reveals that two i n v e s t i g a t o r s h a v e  
studied the reaction manganese chloride going from liquid to 
gaseous phase and have measured the vapor pressure of LlnClĝ ĝ  
over its liquid phase. However, no experimental work has 
yet been done on the vapor pressure of KnCl2  ̂ ) over its 
solid phase. Some investigators  ̂have estimated
the vapor pressure of VnCl^^^^ over KnCl^^^j based on the
r
(51)
heat and entropy of fusion^^^^ and Schafer's data^^^^ fo
the vapor pressure over liquid manganese chloride. Rigg 
used these values in the integrated form of the Clapeyron- 
Clausius equation and arrived at the following equation 
which gives the approximate vapor pressure of solid 
manganese chloride as a function of temperature:
log P(mm MnClgfc)) = 11.13 - UP^^jxlQ:) (3)
The calculated vapor pressures of ivInCl2 ĝj over its 
solid and liquid phases by Vah^^^^ and Brewer and others
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are shov/ii in Table 1-9 and Table I-IO respectively. These 
tables list the temperatures at which the vapor pressures 
equal consecutive negative integral powers of 10. It can 
be concluded from these tables that these sets of data do 
not agree very well. This disagreement is probably due 
to the fact that these values were estimated and not 
experimentally determined.
2. System VnClg-FegOl^
Using the correlation discussed in Appendix A, a 
literature survey was made to search for similar trends 
in the system MnCl^-Fe2C l ^ . Dewing^^*^^*^^*^^) is
the only investigator who nas studied the vapor phase 
transport of I-înClg in the presence of the complexing agent 
PegCl^^g). His data, as mentioned previously, may be 
questionable due to thermal effects. A significant amount 
of the enlianced volatility may be a simple thermal diffusion 
effect rather than the formation of a vapor phase complex 
species. Dewing showed that two moles of FeCl^^  ̂ take 
part in the complexation reaction by plotting log P,. ^
2 8(g)
against log Pr̂ p-, and measuring the slope of the resulting
® 3(g)line as two. He also stated that KnFe2Glg^  ̂ is the only 
vapor complex species present in the system MnCl2-Fe2Cl^
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Vapor Pressure of MnClg/,














Table I-IO. Vaporization Data for
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the reason being that the apparent equilibrium constant
I 2n  ) remain unchanged with change in theI'lni G*̂ 0-Lq 1' G L/ _L Q
( 27 )pressure of Accordingly Dewing ' studied the
following complexation reaction
KnCgcc) + 2FeCl3(g) = r.nFê Clĝ ĝ  (4)
and reported the followings values at 750°K:
AK° = - 19,100 cal mol'l 
and AS° = - 21,2 eu
Table I-ll shows the results of D e w i n g * s ^27»28,29) 
study of the above reaction at different temperatures.
After analyzing the stabilities of different complex 
species. Dewing concluded that the bonding of the metallic 
ions in the complexes is very similar to that in the solid 
lattice. He argued that if this were not true, then the 
stability of the complex chlorides would vary with the vapor 
pressures of their own divalent chloride components. Hence, 
the energy of forming the complexes from the solid is 
essentially constant and does not depend on the energy of 
separating the solid into individual gaseous molecules.
The following comments would summarise Dewing's results: 
1. He did not use a carrier gas in his system.
Instead he used a diffusive flow of the complexing 
agent over the metal chlorides.
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Table I-ll. Results of Dewing's Study on MnClg^^)






400 747 0.0043 11.1 6.4 520x10"
500 740 0.0128 51.4 18.3 69
600 740 0.0290 156.0 38.3 16
600 1461 0.0380 225.0 102.0 20






2, The following equation has been used to calculate 
the total pressure in the system;
I
Hotal  ̂^FeCl, TinFegClg
The independent reaction
r.lnCl2(,) = MnCl2(g) (6)
has not been considered. The partial pressure of 
MnCl2(g) will also contribute to the total pressure 
in the system. Therefore, this in turn introduced
tan error in the calculation of and thei'inre2UJLg
thermodynamic properties of the complex species.
3. It has been assumed that only one mole of MnCl2^̂ j 
took part in the complexation reaction. No attempt 
has been made to verify this assumption.
Although Dewing's results are questionable under these 
points of view, it does however indicate that MnCl2^̂ j may 
form a vapor complex species in the presence of IbgCl^^
These results will be reviewed in light of the results of 
the present investigation.
E. OUTLINE OF THIS STUDY 
As seen from the results of the preliminary studies, 
one system which showed significant enhancement of the 
volatility of the chloride, i.e., MnCl2^̂ j in the presence
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of was selected for further study with the view
(27 23 29)to overcome the possible shortcomings of Dewing's '
work, A transpiration apparatus will be used to establish 
the molecularity of the complex species and its thermodynamic 
properties,
In the complexation reaction between MnClg^^)
the following independent and simultaneous 
reactions are taking place;
= f®Cl2(g) (6)
Fe^clgcg) = 2FeCl3(g) (7)
Y MnClg^c) + X + 2 ^^(g)
= rtoyFe2j.Cl(gx+2Y+2Z) (g)
To calculate the vapor pressure of the complex species and 
its thermodynamic properties, the above equations have to 
be solved. In order to do that, a system of equations 
were written using the concept of mass balance. In writing 
these mass balances, the complex species MnFegClg^^ was 
assumed.
"Fe (9)
^Mn ^ "KnCl2 "WnFe2Clg
■̂T "CI2 "KnClg ^FeCl3 "Fe2Clg '' %mPe2Clg 
"FeCl^ HeCl, ™ -1 r= - --1 -f (12)
Î̂IJl Fgi
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^Fe,Gl._ ^ _ 6  = ... 2 .0 ( 13 )
"MnCl, b.nCl,
= - p - ^  (14)




P denotes partial pressures
and T denotes total moles or partial pressures. In the 
above system of equations, the known quantities from the 
experiment are ;
*Fe' M̂n' ^01%' ^MnCl^* 
and the unknown quantities are;
"MnClg' ^FeClg" "PegClg' "HnFegClg' "ï" H e C l ^ ’
^Fe«Cl/'2 o
If the molecularity of the complex species is different 
from that of MnFegCln, the mass balances have to be accordingly 
changed. The above systems of equations are solved for the 
unlmov/ns through a computer program using the Nev/ton-Palpson 
iterative technique.
A series of complexation experiments at a particular
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temperature will be conducted in order to establish the 
molecularity of the complex species and in a range of 
temperatures for its thermodynamic properties. Summing 
up, the experimental work for this study in order to 
obtain the desired results will consist of the following;
a) The determination of the equilibrium vapor pressures 
of MnClg^ j over its solid phase at different temperatures.
b) The determination of whether HnClp decomposes to 
other forms of chlorides or not using a mass spectrometer.
c) The determination of the molecularity of the vapor 
complex species, by conducting the following sets of 
experiments ;
i) Holding T, Ppe^Clg “f.InClg
constant and varying the flow rate of the chlorine 
carrier-gas to determine the flow conditions for 
equilibrium
ii) Holding T, and constant and
varying Ppe^cig
iii) Holding T, P̂  ̂ ÎvlnCl constant and
varying
iv) Holding T, P̂ . and P_ constant and
varying
d) The determination of the thermodynamic properties 
of the complex species by measuring the equilibrium constant 
for the complexation reaction at different temperatures.
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In order to verify the molecularity of the complex 
species obtained from the transpiration apparatus, a mass 
spectrometric analysis of the vapor containing the complex 
species is also proposed.
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CHAPTER II 
EXPERIMENTAL APPARATUS AND PROCEDURE
A . TRANS PIRAT10 M APPARATUS
The transpiration technique, or inert-gas saturation 
method, for the measurement of vapor pressure has been in 
use for many years. The published literature contains 
accounts of many experimental investigations using this 
technique. In the past, the design of the apparatus and 
the size of the sample to be studied have been largely 
the choice of the individual worker. Not until the work 
of Alcock and Hooper^^^' has there been any attempt to 
establish criteria by which the accuracy and reliability 
of the method could be estimated.
A new type of transpiration apparatus was designed 
and constructed for this study so that the vapor pressures 
of the pure I'lnClgand the r-in-Fe-Cl complex could be 
measured. This technique involves first saturating the 
carrier gas with Fe^Cl^^^^ and then equilibrating this 
gas mixture with the MnClg^  ̂phase. The resulting various 
vapor species were flushed away and condensed on a water- 
cooled condenser. The weight of the condensate can be 
converted into partial pressures of the volatile species.
45
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and the appropriate thermodynamic properties of the species 
can be calculated. 3y not introducing Pe2Cl^(^), the vapor 
pressure of the VnGl^^gj could also be measured.
The transpiration apparatus can be divided into the 
following units;
1. Gas Purification Train and Flowmeters
A gas purification train was constructed to purify all 
the gases that were used in the experiments. A set of 
flowmeters were also included in this train which accurately 
controlled and measured the flow rates of these gases. It 
also provided for the preparation of Cl^ + Ar mixtures, to 
those experiments that could be conducted at different partial 
pressures of chlorine.
The gas purification train is shov/n schematically in 
Fig. 1 and a photographic view is shown in Fig. 2. This 
apparatus was built of 3/8-in. heavy wall pyrex tubing.
There were three lines, two to provide argon and the third 
for chlorine. To eliminate any flow oscillations, a constant 
pressure head tank v/as provided for each flowmeter. These 
constant head tanlcs consisted of 5-ft tall heavy wall glass 
tanks (filled with heavy mineral oil for the argon lines 
and carbon tetrachloride for the chlorine lines). The 
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Fig. 2, View of the Gas Purification Train.
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by adjusting the length of a glass T inserted into the 
constant head tanlc, The glass T was connected to both the 
gas cylinder and the flowmeter by tygon tubing. The 
flowmeters were of the capillary type. The flowmeter fluid 
was dibutylphthalate and for ease of reading a small amount 
of p-nitrobenzeneazoresorcinol was dissolved in it giving 
an orange coloration to the fluid. However, for the chlorine 
line, halocarbon oil (series 13-21, 100 cs at lOO^F) of the 
Halocarbon Products, Hackensack, ÏÎ.J. was used, as 
dibutylphthalate was not found to be inert to chlorine.
The halocarbon was a blend of completely halogenated 
chlorofluorocarbons and is totally inert to all acids, 
alkalis and oxidising agents, wet or dry. The readings 
on the flowmeter could be read to within O.5 mm, and a 
displacement of approximately 200 mm v/as caused by a flow 
rate of 180 ml of chlorine per minute and a displacement 
of 500 mm v/as caused by à flow rate of 160 ml of argon per 
minute for the capillaries used in this study (O.5 mm dia. 
and 8-in, long). A description of the technique used for 
the calibration of the flowmeters is given in Appendix B.
The moisture from the argon stream was removed by 
passing the gas through traps filled with magnesium 
perchlorate as well as silica gel dessicant. The oxygen in
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the argon streams v/as removed by passing the gas through a 
vycor glass tube filled with copper turnings and maintained 
at approximately 500^8. The moisture from the chlorine 
stream was removed using magnesium perchlorate and 
phosphorus pentoxide. By bubbling chlorine through water 
and measuring the pH change, the HCl content of the chlorine 
stream was found to be negligible. Hence, no efforts were 
made to trap any HCl contained in the chlorine gas.
The distribution of the two argon gas lines was as 
follows :
i) One line was used to mix argon with chlorine for 
the experiments in which the partial pressure of chlorine 
was varied. This argon line v/as also used to back flush 
the reactor system after a vacuum was pulled on the reactor 
assembly.
ii) The other line was used to pass argon between the 
mullite outer protection tube and the alumina reaction tube 
in the furnace. In case of any failure of the reaction tube, 
chlorine gas would mix with this argon gas so that an indicator 
liquid contained in a bubbler at the exit would change its 
color thus indicating the breakage of the reaction tube.
This design also provided for protection of the expensive 
platinum wound furnaces from any damage due to chlorine 
leakage from a broken reaction tube.
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A gas mixing tube was included in the system in order 
to obtain thorough mixing of the chlorine and argon. All 
the joints which were in contact with chlorine gas were 
greased with halocarbon grease. All the exhaust lines 
contained bubblers that provided a good gas seal for the 
system. They were also filled with halocarbon oil. These 
bubblers led to an exhaust fan for proper chlorine disposal. 
All the glass stoppers and valves used were from ACE Glass 
Inc., N.Y. The valves which were in contact with chlorine 
gas were made of teflon.
2. Reaction Chamber. Furnace, and Control Svstem
A high purity recrystallised alumina tube, 20.5-mm-0D, 
l4.0-mm-ID, by 58.5“in.-long from Degussa Inc., N.Y. was 
used as the reaction tube. A mullite tube 2j-in.-0D,
2-in.-ID, by 51-1^^-long from Coors Porcelain, Golden v/as 
used as the furnace outer protection tube. These tubes 
were arranged concentrically and were inserted into two 
Marshall Resistance Furnaces which were arranged horizontally 
and placed end to end. Both of these tubes were held in 
place by rubber stoppers and sealed to the stoppers with 
epoxy. One of the furnaces was controlled with a Duration 
Adjusting Type Controller and was used as the reaction
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furnace. The other furnace v/as controlled by a Current 
Adjusting Type Controller and v/as used as the saturation 
furnace. A flat temperature profile v/as obtained by means 
of variable rheostats connected to taps on the outside of 
the furnaces, with ammeters placed in each line. By 
changing the amperage between taps, the temperature profile 
could be changed. The rubber stoppers and epoxy were 
protected from the high temperature of the furnaces by 
placing a coil of copper tubing around the end of the 
mullite tube and circulating cold water through copper 
tubing. A schematic view of the transpiration apparatus 
is shown in Fig. 3«
3• Sample Inlet System
At both ends of the reaction tube, two 24/40 male 
glass tapered joints were permanently fixed in position 
so that on one joint a long sample carrier guide tube 
could be connected and the other joint a water-cooled 
condenser could be connected. The sample inlet system 
consisted of a sample carrier tube and a sample carrier 
guide tube. The sample carrier tube was a 13*5 mm CD 
vycor tube with depressions made in approximate positions 
so that alumina boats containing the samples can be placed 







































zones. The sample carrier guide tube which guides the 
sample carrier tube was a 22-mm-GD, 18-mm-ID,and 70-in,- 
long pyrex tube closed at one end and a 24/40 female glass 
tapered joint fixed on the other end.
The size of the alumina reaction tube and the vycor 
sample carrier tube were selected in such a way that there 
was minimum "dead volume" between the two tubes. If this 
dead volume between the tubes was large, it would be possible 
to have back-mixing of the gas stream. The alumina boats 
were 4-cm-long, 1-cm-width,and 0.7-cm-depth from Coors 
Porcelain, Golden. The sample inlet system is shown 
schematically in Fig. 3 and a photographic view of the 
same is shown in Pig. 4, A disassembled view of the sample 
carrier guide tube and the sample carrier tube with the 
sample boats in position can be seen in Fig. 5* Fig. 6 shows 
a dost up view of the boats with the samples in position 
in the sample carrier tube which is inside the sample 
carrier guide tube.
It can be seen that the OD of the vycor sample carrier 
tube was almost equal to the ID of the alumina reaction 
tube. This is to make sure that the carrier gas passes 
over the sample to be studied and not around the sides 
and/or the bottom of the sample carrier tube. To achieve
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Fig. 5* A Disassembled View of the Sample Carrier Tube 
and the Sample Carrier Guide Tube.
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Fig, 6. A Close Up View of Sample Boats Placed in the 
Sample Carrier Tube.
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a better solid-^as contact, the exposed area of the sample 
should be lar^e. This v/as obtained by filling the boats 
completely with the sample. This, in addition, reduces 
the dead volume between the sample and the reaction tube.
At the cold end of the sample carrier tube an iron
sleeve was attached so that a magnet could be used to slide 
the sample carrier tube in and out of the reaction tube 
without having to open up the system.
At the start of a run the sample carrier tube containing 
the samples was placed inside the guide tube and this in 
turn placed at the end of the reaction tube. The other 
side of the reaction tube was closed, and a vacuum was 
pulled so that any entrapped air in the reactor system 
could be removed. The system was now filled with chlorine 
by introducing chlorine through a needle-valve. The 
operation of pulling a vacuum and flushing with chlorine 
was done two or three times to make sure that no entrapped
air remained in the system.
Because the sample carrier tube and the samples 
are cold when they are introduced into the reaction zone 
at the beginning of the run, the reaction temperature 
decreased and it took almost 45 minutes for the temperature 
to come back to the set reaction temperature. To eliminate
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this period of varying sample temperature, the end of the 
sample carrier tube was first inserted into the saturation 
zone for about 10 minutes and at the same time the voltage 
of the reaction furnace was increased by 10 volts. In 
this position, the IvinCl2^̂ j sample boats were at the 
saturation zone. After 10 minutes the sample carrier 
tube was rapidly introduced further inside the furnace 
in such a way that the I.lnCl̂ ^̂ j sample boats were in the 
reaction zone. Now the drop in temperature at the reaction 
zone due to the carrier tube introduction was within the 
limits of the temperature fluctuations during an experiment. 
The saturation zone being at a lower temperature (~250°C) 
compared to that of the reaction zone (~500°C), the vapor 
pressure of MnCl^^^^ was negligible and so that the 10 
minutes preheating in the saturation zone did not result 
in any measurable amount of MnCl2 being volatilized. During 
this time the FeCl^^^) sample boats were at room temperature. 
When the sample carrier tube was fully inserted inside the 
reactor system, the PeCl^^^) sample boats were in the 
saturation zone. The above arrangement was for a MnCl^-Pe^Cl^ 
experiment. For a run on pure MnCl^^^^, the boats containing 
FeCl^^^) were empty.
To allow for a quick response due to the temperature
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change, the controller settings (proportional band and 
frequency) were properly adjusted. This was done by 
conducting a number of trail runs and choosing the best
settings.
4, Condenser System
In order to collect all the vapor species that were 
transported, a water-cooled condenser was inserted in the 
exit end of the reaction tube. The condenser consisted 
of the pyrex glass cold finger through which a mixture 
of 50^ water and 50% ethylene glycol solution was pumped.
In order to force all the vapor species to condense on 
the cold finger and not on the wall of the reactor, a 
13,5-mm-OD, 10.5-mm-ID, and 60-cm-long vycor glass sleeve 
with a flair at the front end was inserted into the exit 
end of the reaction tube. The condenser was then inserted 
in this glass sleeve.
The following precuations were taken in order that 
no vapor species escape from condensing on the cold finger: 
1) a cold trap outside the condenser was included in the 
system. This will collect the vapor that v/as not trapped 
by the cold finger. 2) the space between the sleeve and 
the reaction tube v/as sealed near the exhaust end of the 
condenser. This forced the gas to pass through the inside
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of the sleeve and not through the gap which was inevitably 
present between the sleeve and the reaction tube.
The cold water-ethylene glycol mixture was pumped 
from a Neslab Water Bath and Bath Cooler. The temperature 
of the cooling water mixture fed to the condenser was 
controlled by adjusting a thermostat inserted into the 
water bath.
The above described arrangement worked extremely well 
for the pure I.lnCl2 experiments, but had some shortcomings 
for the MnCl2-Fe2Cl^ experiments. The vapor pressure of 
Fe^Cl^^gj was so high compared to MnCl^^gj that a large 
quantity of iron condensate was found on the cold condenser. 
As soon as the hot carrier gas with the complex Mn-Fe-Cl 
species first contacts the cold spot at the tip of the cold 
finger, it condenses at that point itself. After sometime, 
it forms a crust and blocks the passage of the carrier gas. 
To eliminate this effect, the cold finger v/as removed 
altogether from the system and only the sleeve v/as left 
inside. In addition, the water-ethylene glycol solution 
was circulated around a short condenser which was introduced 
in place of the cold trap outside the system. This ensured 
the complete collection of all the vapor species as well as 
the elimination of blockage in the system.
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A schematic view of the condenser system is shown in 
Fig. 3» A disassembled view of the cold finger, condenser- 
sleeve, and the short external condenser is shown in Fig. 7» 
and a complete view of the condenser system in position is 
shown in Fig, 8.
5. Temperature Measurement System
To measure the temperature at each sample boat during 
an experiment, eight thermocouples (there are eight sample 
boats) were placed outside the reaction tube, the positions 
of which coincided with the center of the boats. These 
thermocouples could not be placed directly inside the 
reaction tube for two reasons: 1) since chlorine gas
was being used as the carrier gas, the thermocouple wires 
would react with chlorine and change the properties of the 
thermocouples, and 2) there was not enough space between 
the sample carrier tube and the reaction tube for the 
thermocouples to be placed. Hence, a simulation sample 
carrier tube was made, which was exactly the same as the 
sample carrier tube, except that it contained eight 
thermocouples which were placed in position along with the 
empty sample boats. A view of this tube is shov/n in Fig. 9» 
The thermocouples used in this study were made from
0.01 in.-size Chromel and Alumel wire supplied by Omega
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Fig. 7. A Disassembled View of the Cold Finger, Condenser- 
Sleeve, and the Short External Condenser.
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Fig. 8. A View of the Condenser System in Position.
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Fig. 9* A View of the Simulated Sample Carrier Tube with 
Thermocouples and Sample Boats in Position.
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Engineering Inc., Conn. The thermocouple insulators were 
4 bore (0.093-in.-CD, 0.020-in.-ID) alumina tubes from 
Coors Porcelain, Golden. As mentioned above, eight 
thermocouples were placed in between the outer protection 
tube and the reaction tube through a long vycor tube in 
such a v/ay that these thermocouples read the temperatures 
at the same longitudinal position as the simulated 
thermocouples. A correlation was made between these two 
sets of thermocouple readings while passing argon gas 
through the reactor. A plot (see Fig. 10) was made 
between the simulated (true) temperature and the correlated 
(measured) temperature for each thermocouple. These plots 
were used to obtain the correct temperatures during the 
experiments. Also, a single thermocouple was made and 
the temperatures measured both under argon and chlorine 
flow. It was found that the temperature readings did 
not change with this change in gas composition. Therefore, 
the correlation plots made with argon gas were used 
throughout this study.
The thermocouple emf was measured with a Leeds and 
Northrup Potentiometer Model 868? using an ice bath for the 
reference temperature. A view of the cold junctions and 
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Fig. 11. A View of the Cold Junctions and the Potentiometer.
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Two representative thermocouples were made and calibration 
tests were conducted. Both thermocouples were calibrated 
against the melting point of two pure metals, viz., 
aluminum and lead. The deviation between the true melting 
points of these metals and the temperature as measured by 
the thermocouples was + 0.5^C, The temperature calibration 
charts for the thermocouples is given in Appendix C.
A schematic view of the overall transpiration apparatus 
and the gas purification train is shov/n in Fig. 12 and an 
overall photographic view of the transpiration system is 
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B. SM1PLE PREPARATION SYSTEM 
Both the and PeCl.^^) samples were purchased
from Research Inorganic/Organic Chemical Corporation, Sun 
Valley, California. However both samples were found to 
contain moisture. The samples also absorbed moisture on 
exposure to the atmosphere. After an experiment, the color 
of the r.lnCl̂ ^̂  ̂ turned from pink to black, indicating that 
probably it reacted with H^O and/or 0^ to form another phase. 
The contribution of H^O and/or O2 could be either from the 
samples themselves or from the chlorine gas. The black 
particles were analysed in an X-ray diffractometer and 
found to be MnCl2'2H20. The chemical analysis of the fresh 
as well as the reacted black sample showed a water content 
of 10^ and dfo respectively.
1. Bake-Out System
A packed-bed reactor was designed to remove moisture 
from the samples. Two packed-bed reactors were built for 
the following reasons: The first bed was mainly to check
whether the contribution of H2O and/or O2 was from the chlorine 
gas (Thompson-Hayward Chemicals, Denver) or the salt.
Assuming the chlorine gas contained some moisture and if 
this could be removed by the first reactor, the second 
reactor could be then used to prepare a pure MnCl2 sample.
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Whether the Cl„ gas contained any moisture and/or oxygen 
could be determined by observing a black-pink interface 
which would move through the column. If this interface 
moved gradually, it is implied that the impurities were 
introduced into the system by the chlorine stream and 
gradually reacted with the sample. However, if all the 
MnCl^^^j sample turned black instantaneously, it could 
be concluded that the moisture contribution was from the 
sample and not from Cl^ gas. From these experiments it 
was found that the chlorine stream was indeed pure and 
only the sample had to be purified. Hence, both reactors 
were subsequently used to prepare pure MnCl2^̂  ̂ and pure 
PeC1^^2) samples. A schematic and a photographic view of 
the sample purification apparatus are shov/n in Figs. 14 
and 15 respectively.
The preparation of the MnClg^^) FeCl^^^) ^̂ .̂s as
follows: A 30 mm vycor glass reactor v/as filled at the
bottom with a layer of quartz wool, alumina chips and 
again quartz wool. The sample was then loaded and on the 
top of the sample another layer of quartz wool was placed.
A vacuum was pulled through the system. The system v/as then 
backfilled with chlorine gas, and then flushed with chlorine. 
The temperature of the reactor v/as gradually increased and 
the sample constantly observed. Around SOO^O, the whole
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Fig. 15• A View of the Sample Purification Apparatus
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sample of turned black instantaneously. However,
when the temperature was further increased to about 600^0, 
it regained its original pink color. The purified sample 
was chemically analysed and found to contain no detectable 




The above analysis also showed that the sample remained as 
MnCl^ during the purification process, and did not change 
to any other form of manganese chloride.
The purification of the PeCl^^^) however introduced 
certain difficulties. The procedure developed for the 
MnCl^Cc) was not useful in preparing pure PeCl^^^)' The 
impure PeCl^^^) sample oxidized during purification, but 
could not be rechlorinated. Thus, PeCl^^^) was prepared 
by reacting directly pure iron wire and chlorine gas, 
using the same experimental arrangement as used for the 
r̂ lnCl̂ ç̂j purification. Iron wire (Sargent-V/elch Scientific 
Company, Denver) was packed in the reactor, a vacuum was 
pulled and chlorine gas then introduced and flushed through 
the system. At about 200°C, there was a violent reaction 
between the iron wire and chlorine gas and PeCl^ vapor
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v/as transported from the reaction zone and condensed on the 
cooler parts of the reactor. The FeCl^^^^ was removed from 
the reactor and any unreacted iron was picked up with a 
magnet. This FeCl^^^) was again packed in the reactor and 
redistilled to obtain pure, moisture-free PeCl^^^)* The 
whole process of removing the purified IvlnCl2^̂  ̂ and PeCl^^^) 
from the packed-bed reactors v/as done inside a dry box. A 
complete description of the chemical analysis of the solid 
samples of iInCl2 and FeCl^ is given in Appendix D.
The purpose of using chlorine gas during the purification 
process was to prevent any decomposition of MnCl^ or PeCl^ 
samples and to rechlorinate any oxidized material. However, 
the amount of chlorine gas introduced for the reaction is 
not an important factor. Therefore, no flowmeters were 
included in this set up. The flow rate was adjusted by 
observing the flow through an exhaust bubbler. An argon 
gas line was also included for the purpose of back flushing 
the system. Regular drying columns were included in both 
the chlorine and argon lines.
2. Dry Box System
During the handling of the samples, they pick up 
moisture on exposure. To avoid the contamination of the 
samples with moisture, the samples were handled inside a
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dry box (Lab Conco) with a dry gas atmosphere. Nitrogen 
gas was purified by passing it through magnesium perchlorate 
and silica gel before introducing it into the dry box. A 
vacuum pump was connected to the transfer chamber so that 
it could be pumped down and refilled with the dried nitrogen.
Instead of hand carrying the loaded boats to the 
transpiration furnaces and placing them in the sample 
carrier tube, which would unnecessarily expose the samples 
to the air and contaminate them, the samples v/ere loaded 
into the sample carrier tube inside the dry box. This was 
done in the following manner: A tapered glass 24/40 male
joint was sealed into the outer door of the transfer chamber 
of the dry box. This joint provided for the connection of 
the sample carrier guide tube to the dry box. The guide 
tube, with the carrier tube inside, was connected to the 
glass joint on the transfer chamber door. A vacuum was 
pulled and the system back flushed with nitrogen gas. After 
the sample carrier tube v/as loaded with boats, it was then 
withdrawn into the guide tube. By closing the end of the 
guide tube with a male 24/40 joint, the entire assembly 
could be brought to the transpiration system and directly 
connected to the reaction tube. In this manner the samples 
were exposed to the atmosphere for a matter of a few seconds 
once while detaching the guide tube from the dry box and
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another while attaching the guide tube to the transpiration 
system, A schematic as well as a photographic view of the 
dry box system are shov/n in Figs. 16 and 1? respectively.
C. OPERATION OF THE TMNSPIRITION SYSTEM 
The operational procedure was as follows;
1. The unpurified samples were originally stored inside
the dry box. This material was loaded into the packed-
bed reactors and their ends closed. The reactors were 
then transfered to the purification system from the dry 
box. After the purification operation, the reactors 
with ends closed were brought back to the dry box.
The purified sample was removed from the reactors, 
crushed and stored in sealed bottles.
2. The condenser and the sleeve were placed in position 
in the transpiration system and the cooling liquid was 
started through the condenser,
3. The boats were filled with the samples inside the dry
box and in turn placed on the sample carrier tube which
was already projecting into the dry box from the guide
tube. The carrier tube was then pulled back inside the 
guide tube and its end closed. Now the closed sample 
carrier guide tube with the sample carrier tube inside 
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Fig. 17. A View of the Dry Box Apparatus.
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4, The sample carrier guide tube containing the sample 
carrier tube v/as placed in position in the transpiration 
system. With the appropriate valves in the system 
closed so that no vacuum was pulled on the bubblers
and flowmeters, the system was evacuated using a vacuum 
pump. This assured that no air or moisture remained in 
the system. At this point, the r.inCl̂ ^̂ ,̂  or MnCl2^̂  ̂
and PeCl^^^) samples were kept in the cold zone outside 
the furnaces. The chlorine gas was then allowed to 
flush through the system. Evacuation of the system and 
flushing with chlorine gas were repeated two or three 
times in order to make sure that all of the entrapped 
air and moisture were removed. Nov/ the system was ready 
for operation.
5. Before the start of a run, the temperature profile of 
the reaction zone and the flow rate of the carrier gas 
were checked. Now the sample carrier tube was pushed 
into the reaction tube as far as the saturation zone.
At the same time, the voltage of the reaction furnace 
controller was increased by 10 volts. This increased 
the reaction zone temperature more than the desired 
temperature. The sample carrier tube v/as fully inserted 
into the reaction zone 10 minutes after the initial 
insertion. Simultaneously, the voltage of the reaction
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furnace controller v/as brought back to its original 
setting. V/ithin 5 to 10 minutes, the desired temperature 
was reached at the reaction zone. In calculating the 
total time for an experiment, the 10 minutes during 
which the sample carrier tube v/as at the saturation 
zone v/as not taken into account, since the vapor pressure 
of the HnClg^ ) was negligible at the temperature of the 
saturation zone.
6. At regular intervals of time (every 5 minutes for the 
first 15 to 20 minutes and every 15 minutes afterwards) 
the temperatures of the saturation and reaction zones 
were recorded. These temperatures could be controlled 
with + 5'0°G by adjusting the set point of the controller 
as well as the current between the furnace tap points.
At 30 minutes intervals, the room temperature, atmospheric 
pressure, flow rate of the carrier gas, and oil monometer 
readings were recorded,
7. At the end of the experiment, the sample carrier tube 
was rapidly withdrawn from the reaction zone and into 
the sample carrier guide tube, which was at room tem­
perature. After the samples were cooled to room tem­
perature, the carrier gas disconnected from the reaction 
zone section and sent to the by-pass exhaust. Then the
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system was flushed with argon for about 30 minutes.
The condenser and sleeve were then removed from the 
reactor and that end of the reactor immediately closed. 
The cooling liquid for the condenser was turned off.
The condenser and sleeve were placed in a glass tube 
for stripping the condensate with a 5^ liCl solution.
The condensate was dissolved and diluted to 250 or 500 
ml in a volumetric flask.
8. The sample carrier guide tube containing the sample 
carrier tube and the samples were detached from the 
transpiration system and the end capped. This assembly 
v/as carried to the dry box and connected to the transfer 
chamber of the dry box.
9 . The transfer chamber and guide tube assembly were 
evacuated and back flushed with nitrogen. The samples 
were then weighed, if necessary, and stored in desiccators 
in the dry box.
10. For the next experiment, the same boats could be loaded 
into the sample carrier tube or new samples weighed out. 




The mass spectrometer system consisted mainly of a 
vacuum system, an inlet system with flight tube, and an 
output and recording system. The heart of the apparatus 
is the Knudsen-cell inlet system shown schematically in 
Fig. 18. The graphite Knudsen-cell containing the sample 
is heated by electron bombordment and the volatile sample 
species travel in a molecular beam into the ion source.
The electron beam crossing at right angles to the molecular 
beam ionizes the molecules. By pulsing the ion grids, 
the positive ions are drawn out of the chamber and 
accelerated down the flight tube to the detection unit, 
where the different species are identified. A photographic 
view of the Bendix Model 12-lOlA mass spectrometer used in 
this study is shown in Fig. 19.
As the MnCl2 2̂) sample does not dissolve or react with 
carbon, a regular graphite Knudsen-cell was used in this 
study. The Knudsen-cell furnace assembly was inserted into 
the mass spectrometer and evacuated to 10”  ̂torr.
Continuous scans at maximum sensitivity were then made 
while the sample was heated over the desired temperature 
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Fig. 19» Bendix Model 12-lOlA Mass-Spectrometer System,
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Due to the extremely high vapor pressure of Fe^Cl^^^j 
which exists over the temperature studied, pure FeCl^^^) 
could not be used in the sample chamber. In order to 
reduce the vapor pressure of ^ fused salt
mixture of LiCl-KCl was saturated with Fe2Cl^^gj. The 
resulting salt mixture was then used as a source for 
FegCl^^gj in the Knudsen cell-mass spectrometer studies 
made on the Mn-Fe-Cl system.
For a detailed description of the mass spectrometer 
and its operational procedure, the reader is directed to 
refer to the following literature : 
i) Hager and others 




REDUCTION QF EXPERIMENTAL DATA
In order to identify the gaseous Mn-Fe-Cl complex 
species in the reaction product stream and also to calculate 
the various thermodynamic properties of these species, it 
was necessary to relate the amount of material collected 
on the condenser to the vapor pressure of the species in 
the reactor. The techniques used for these calculations 
are described below.
The transpiration experiments for the complexation 
study were conducted by first saturating the chlorine 
carrier-gas with Fe2Cl^^g^ and then allowing this gas 
mixture to react with purified samples of IunCl2(̂ ).
The resulting vapor was condensed on a condenser, and 
the amount condensed was determined using a Perkin-Elmer 
403 Atomic Absorption Spectrophotometer.
A. MODEL FOR DETERMINING THE PARTIAL PRESSURES 
OF THE VARIOUS VAPOR SPECIES 
The thermodynamic properties of the vapor complex 
species were calculated by measuring the vapor pressures 




At the saturation zone, the- following reaction takes 
place :
This reaction saturates the carrier gas with FegClx vapor 
which then goes to the high temperature reaction zone, where 
the following independent and simultaneous reactions are 
taking place;
MnCl2(^) = î'lnCl2(g) (2)
= 2FeCl3(g) (3)
Y MnCl2(c) + X Fe2Clg(g) + Z Cl2(g)
MnyPe2%Cl(^%^2Y+2z)(g)
Hence, to study the formation of the Mn-Pe-Cl^^j species, 
each of the above reactions has to be investigated.
Reaction (1) takes place at the saturation zone at 
a temperature of approximately 240°C. This reaction simply 
adds PCgCl^^ j to the gas stream.
As can be seen from the above set of equations, the 
vapor pressure of MnCl^^^j above MnCl^^^j has to be known 
in order to calculate the vapor pressure of the complex 
species. Since no reliable data for this reaction (2) is 
found in the literature this reaction was investigated in 
this study.
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The dimerization reaction (3) was studied by V/ilson 
and G r e g o r y a n d  they derived the following equation 
which establishes the ratio between the partial pressures 
of FOgCl^^ )and FeCl^^^j on the basis of the work done by 
Kangro and Bernstorff^^^^:
log p (mm) = - + 9.391 (5)
where T is the reaction temperature in degree Kelvin.
In order to study the complexation reaction (4), 
experiments were first conducted at different flow rates 
so that the equilibrium vapor pressure could be determined 
at a particular temperature. Additional experiments were 
then conducted to measure the equilibrium constant for 
reaction (4) as a function of temperature.
The vapor pressure of a species in any transpiration 




Ps = the vapor pressure of salt in mmHg 
Ws = the weight in grams of salt vapor condensate 
during an experiment
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MV/ = the molecular weight of salt in grams
n = the total number of moles of the carrier gas c # g
used during a run 
= the total pressure of the system in mmHg 
The total pressure in the system was calculated by adding 
the barometric pressure and the pressure registered by the 
oil manometer. The number of moles of carrier gas used in 
the experiment v/as calculated assuming ideal gas law, i.e.
PV = nHT (7)
where
P = total pressure in the system in atm.
V = total volume of carrier gas used
n = total number of moles of carrier gas
R = gas constant, 82.05 cm^ atm gmole”^
T = room temperature,°K
As said earlier in this section, the simultaneous 
equations (2), (3)» and (4) have to be solved in order to 
first calculate the vapor pressure of the complex species. 
This is done by writing a system of equations using the 
concept of mass balance, and also correlating the number of 
moles and the partial pressure of the species. In v/riting 
these equations the complex species r-lnFe2Glg  ̂ was assumed.
"Fe "PeCl^ ^"HnFegClg
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"Mn ~ "MnClg "MnFegClg
"T ” “̂Clg '*’ "KnClg "FeCl^ ’*' ^FegClg '' "MnPegClg 
"PeCl^ heCl
3. = — ~ —3- (11)
"T











P denotes pressures 
and T denotes total moles or partial pressures. Equation (14) 
is the same as equation (5) and therefore K equals 
exp(- + 9.391),
In the above sets of equations, the known quantities
are :
*Fe' ^Mn' ^Glg' ^MnCl^
and the unlcnown quantities are;
"mcig' "KnFegClg' ’̂ FeCl,’ '^FegClg’ ^T’ h e C l ^
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If the complex species are different from MnFe2Glg, the 
mass balances have to be accordingly changed. These 
simultaneous equations are solved through a computer 
program using the Newton-Ralpson iterative technique.
The copy of the program is shown in Appendix E. The 
program solves for all the unknown quantities. A sample 
print-out of the results is shovn in Appendix F.
Since the values of the stoichiometric coefficients 
for the complexation reaction were not initially known, 
a number of reasonable values (as shown below) were assumed 
in order to calculate the partial pressures of the various 
complex species. It will be shovn later on that the
assumption of the values for the stoichiometric coefficients
will help in the determination of the real values of these 
coefficients.
+ ^®2°^6(g) KnPegClg^g) (15)
t. in C l2 ( j,)  + = M n F eC l^^g j (1 6 )
MnCl2(,) + 3/2Fe2Clg(g^ = (I7)
2 H n C l 2 ( g )  + F e 2 Clg^gj = k n g F e g C l ^ ^ ^ ^ )  (18)




( p ! î . £ W ^  ,3.,
 ̂ ( F®2=g(g)/7'^°)
= ^ i f l O ü d  (22)
"®2=k(g)
where , Kg, K^ and Kĵ are equilibrium constants for the 
assumed reactions (15) through (18). The activity of the 
MnClg^^j is taken as unity and the partial pressures are 
in mmHg. In these reactions, the value of the stoichiometric 
coefficient Z for chlorine is taken as zero, anticipating 
that chlorine does not take part in these reactions.
B. MODEL FOR DETERMINING THE STOICHIOMETRIC COEFFICIENTS 
OF THE VAPOR COMPLEX REACTION 
The complexation reaction between MnClg^^) ^^2^^6(g) 
has been written in equation (4) as follows:
Y MnClg^c) + X PegClaCg) + 2
= MnYFe2^Cljg^^2Y+2z)(g)
To determine the actual partial pressure and the molecularity 
of the complex species, it is necessary to calculate the 
actual values of the stoichiometric coefficients of X, Y, 
and Z for the above equation (4). The equilibrium constant
T 1496 96
for the reaction (4) is written as
K = h o ir ,p le :c ( r r )_______________  ( 2 3 )
«Lci2(c)-^Fe2Clg(g)-Pci2(g)
where P denotes the partial pressures in atmospheres, and
a the activity of MnClg^^)' From the transpiration
measurements the values of P^ and P«. can be
°h(g)
determined. The activity of MnCl^^^j is unity if MnClg^^) 
is in pure crystalline state and will be less than unity 
if MnClg^c) present in a fused-salt mixture. The ^complex 
and K can be calculated if the actual values of X, Y, and 
Z are knovm. To start with, F^omplex t»e calculated 
assuming a set of values for X, Y, and Z and using Newton- 
Ralpson iterative technique. It will be shov/n later that 
the actual values of X, Y, and Z can be calculated using 
the partial pressures of any assumed vapor complex species.
In order to determine the actual values of X, Y, and 
Z, the following model was adopted:
1) Holding T, P̂j, ^FnCl constant, a number
of experiments were conducted varying the partial pressure 
of Fe2Cl^ by adjusting the saturation zone temperature, and 
then measuring Q̂omolex*̂ *̂ The following relationship between 
hegClg ^œmpïex'^^ "P equation (23):
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pX _ p(assumed)^complex (24)
Taking logarithms on both sides,
loe Kj ♦ X I0.Î P‘S “ S'“  (25)
1°= > = X 1.C 2 K, (26)
The straight line obtained by plotting log ^Qomplex^^ against
log P„ p. will have a slope which is equal to the actual 
6
value of X.
2) Similarly, holding T, ^MnCl^
constant, a number of experiments were conducted varying 
the partial pressure of Cl^. This was achieved by using 
a Cl^+Ar gas mixture of the required proportions. Then the 
partial pressure of the assumed complex species was measured. 
The following relationship between P^^ and PgQ^plex^^ was 
then set up:
rr______ _ p( sumed ) f 00 \
^7 Clg - complex
Taking logarithms on both sides,
log Ky + Z log = log  ̂ (28)
^iompïef ’ =  ̂ M I 2 + ^8 ^̂ 9)
The straight line obtained by plotting log P^omplex^^ 
against log P^^ will have a slope which is equal to the
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actual value of Z.
3) In the same way, holding T, and Pp̂
constant, a number of experiments can be conducted varying
QMnClp measuring ^co^plex^^' following
relationship was set up:
^ _ p(assumed) /on\
K^WmnClg complex
Taking logarithms on both sides,
log + Y log = log p^“ f  ̂ (31)
^^omplef ̂ ^ «i.lnCl2 + M o  (̂ 2)
The straight line obtained by plotting log F̂ ompl̂ x̂̂  ̂
against log would have a slope which is equal to the
actual value of Y. The difficulty, however, in these set of 
experiments was that the activity of MnCl^^^^ would not change 
unless a fused salt was made with the other component, namely 
FeCl^ (no phase diagram for the system HnCl^-FeCl^ was found 
in.the literature). In the system MnCl^-FeCl^, the partial 
pressure of Fe^Cl^^^j will however change for different values 
of the activity of MnCl^^^j and will no more satisfy the 
initial argument that P_ has to be kept constant for
®̂2°-‘-6(g)
the various experiments in this set. Therefore, a fused
salt mixture of MnCl^-NaCl was made in an attempt to keep
the P^ constant in these experiments. The vapor
^®2*^h(g)
pressure of NaCl was calculated at the reaction temperatures
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using the equation given by Kubaschev/ski and others
log = - — -jr~- - 0.9 log T - 0.46 X 10"̂  X T
+ 14.31 (mmhg) (298-n.p.) (33)
The same experimental procedure v/as also followed by 
Richards and G r e g o r y in calculating the equilibrium 
constant for the formation of sodium tetrachloroferrate 
(NaFeCl^).
The method of determination for X, Y, and Z described
above, however, has one shortcoming; namely, that the values
of X, Y, and Z were assumed in the determination of p(&8sumed) ' complex
It can however be shown that the change in the assumption
of the composition of the complex species does not change the
values of X, Y, and Z.
Assume that the values of X, Y, and Z were all talien
as one and on this basis the was calculated.complex
On the other hand, if the actual values of these coefficients 
were not unity, say 2, then the partial pressure of the 
complex species should also be two times greater than 
^complex^^' iT the values of the coefficients are 3» then 
the partial pressure of the complex species should be three 
times greater than that of the assumed. This is to say that 
the partial pressure of the actual complex species will be 
equal to the partial pressure of the assumed complex species
times a correction factor. This correction factor is due
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to the values of the coefficients used in the calculation 
of ^complex different from their actual values.
p(actual) _ p(assuraed)  ̂ g /-Lv
complex complex * vb ;
p(actual) 
p(assumed) _ complex 
complex 0
Substituting equation (35) in equations (24), (2?) and (30) 
and taking logarithms would show that these equations are 
actually off only by the factor log 0 , and the slope of 
the lines plotted will still give the values of X, Z and Y 
respectively. It is therefore clear that the actual values 
of the coefficients are indeed independent of the values 
of Pcomplex.
C. MODEL FOR DETERMINING THE EXISTENCE 
OF MINOR COMPLEX SPECIES 
It is quite possible that in addition to a major complex 
species which would be determined by the method explained 
above, minor complex species could also be present. According 
to the work of Schaaf and Cregory^^^), it can be checked and 
possibly proved that the existence of minor complex species 
is negligible if a straight line without change in slope is
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obtained when log p(®sjor) slotted against log P„ . ̂ complex ^ ^ Fe2Cl^
A change in slope will indicate the existence of minor 
complex species which should then be taken into consideration 
in all calculations.
(2 7 )It can also be shown, according to Dewing , the 
non-existence of minor complex species, if the equilibrium
Iconstant (P_ /P„ ) remains unchanged with the changecomplex Fe2Clx ^
in the partial pressure of Fe2Cl^^
D. MODEL FOR DETERMINING THE THERMODYNAMIC PROPERTIES 
OF THE VARIOUS VAPOR SPECIES 
The complexation reaction between MnCl2^̂  ̂ and 1^201^^^^ 
has been written in equation (4) as 
Y MnCl2(c) + X + Z
~ '̂‘”y^®2X^^(6X+2Y+2Z) (g)
The equilibrium constant for this reaction is written as
p
K = complex (g)_________________  (23)C(Y .pX ,pZ
“î,;nCl2(c) Clgfg)
After determining the actual values of the stoichiometric 
coefficients X, Y, and Z (see section B of this chapter), 
the partial pressures of all the species can be calculated.
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Then, using these values of partial pressures and appropriate 
activity value for the equilibrium constant for
the complexation reaction (4) can be calculated. After 
calculating the value of the equilibrium constant, the 
standard free energy change for the complexation reaction 
can be calculated using the following equation:
AG° = - RT In K (cal) (36)
where R = gas constant, 1,987 cal g-mol"^
and T = reaction temperature,
Then experiments can be conducted at different reaction 
temperatures in order to determine and AS^ for the 
complexation reaction. The equilibrium constants at a 
particular temperature were determined by carrying out a 
number of experiments with different carrier-gas flow rates. 
Then a plot of AoS (cal) against reaction temperature T (°K) 
can be made. The equation of the resulting straight line 
will be of the form
Y = A + BT (37)
which is similar to
AG° = AK° - T AS° (38)
from which the values of Ail° and As5 for the complexation 
reaction can be determined.
The same argument will hold good for the sublimation 
reaction of I.InCl̂ ĵ̂ j except that the equilibrium constant
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for this reaction (2) will be
K = MnCl,^g) (39)
where P-- pt is in atm and the activity of MnCl^ / \ is
unity.
The percentage increase in the apparent vapor pressure 
of due to the complexation effect of the PegCl^^g)
can be calculated using the following equation;
°/o increase in apparent vapor pressure of MnCl^
fknCl,(apparent) - P i , ; n C l „ (true)
=  6-------;----      X 100 (40)
%nCl2(tra®)
Here, the apparent partial pressures are those which were 
calculated for a vapor phase assumed to consist simply of 
MnCl../ \ and Pe_Cl%/ \ and no complexation effect between2(g) 2 6(g)
MnCl^^gj and POgCl^^  ̂has been taken into consideration.
E. MODEL FOR EVALUATION 0? ERRORS 
If a quantity, Q, is a function of several measured
independent variables, X, Y, Z.......  the error in Q due
to the errors 6X', ôY', ôZ*, .... is given by the equation
ôQ = (6Q/6X)6X' + (6Q/6Y)5Y' + (ôQ/6Z)6Z' + .... (41)
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The most probable value of Q is "iven by
6Q = [(3 i/3X)̂ («;;)̂  + (31/31)2(61)2
+ (31/31)2(62)2 + ..................... (42)
where 6X, 6Y, and 6Z are the maximum deviations of the 
errors ôX', 6Y', and ôZ*.
The major uncertainty in this, study is in the determination 
of temperature. The total uncertainty results from three 
separate sources; (1) uncertainty due to thermocouple 
calibration given in Appendix C = + 0.5°C, (2) uncertainty 
due to temperature correlation between the measured and the 
true temperatures given in section A*5 of chapter II =
+ 0.6°C, and (3) the uncertainty due to temperature drift 
during an experimental run = The uncertainty due
to the temperature drift during an experiment varies between 
runs, and the total uncertainty in a particular run has been 
calculated accordingly. Assuming an uncertainty in the 
temperature drift of + 3,0°C in a particular run, the total 
uncertainty for this run using equation (42) is 
6T = + 3.1°C
The uncertainties in the atomic absorption analysis, 
carrier-gas flow rate, atmospheric pressure, room temperature, 
and the oil manometer readings have not been calculated 
because an average of a number of readings of a particular 




Using the models proposed in Chapter III, the various 
thermodynamic properties for the MnCl^ and Mn-Pe-Cl systems 
were calculated.
A . CALCUDiTION OF THE EQUILIBRIUM VAPOR PRESSURE OF MnClpf^) 
AND THE THERMODYNAMIC PROPERTIES FOR THE REACTION 
MnCl2(c) = MnCl2(/r) A3 A FUNCTION OF TEMPERATURE 
Purified crystalline MnCl^ was used for the experiments 
to determine the equilibrium vapor pressure of MnCl^^gj over 
its solid phase. The temperature of the reaction zone v/as 
maintained around 502°C for the first set of experiments and 
the chlorine gas flow rate varied between 35 and 125 cm^ 
min ^. The vapor pressure was found to be independent of
o —1the carrier-gas flow rate between 85 and I25 cm-̂  min” .
The experimental results for the equilibrium vapor pressures 
of manganese chloride are given in Table IV-1, and are shown 
in Pig. 20. Experiment number Mn-30 was made with a 50% 
chlorine - 50% argon gas mixture. This v/as done to show that 
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except as an inert carrier gas. Experiment number mn-25 
was carried out for only two hours instead of eight hours 
duration. The results of this run showed that there was 
no significant transient effect in the transpiration 
experiments. Though the results of this experiment did 
not agree exactly with the other results, it definitely 
showed that the transient effect was negligible. The fact 
that the experiment v/as carried out only for two hours 
automatically introduced a certain amount of error due to 
the low vapor pressure of IlnCl̂  at this temperature and 
thus the small amount of manganese collected on the condenser. 
This can be a possible explanation as to why the result of 
Mn-25 did not fall in line with other experimental results.
The equilibrium vapor pressure of MnCl2( ) over its solid 
phase at 502,0 + 3.8°C was found to be 0.001082 mmhg.
In order to calculate the standard free energy change
for the reaction
as a function of temperature, a set of three experiments 
each at a different flow rate were conducted at a particular 
temperature. This was then repeated at a number of temperatures. 
The results of this part of the study is given in Table IV-2 
and in Fig. 21. Using the equilibrium vapor pressure of
MnClg^^) from Figs. 20 and 21, and the equation
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FIG. 21-EXPERIM ENTAL RESULTS FOR THE REACTION;
MnCI 2(c ) “ M n C12 ̂  g ̂
AS A FUNCTION OF FLOW RATE AND AT DIFFERENT 
TEMPERATURES.
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AG° = - R? In K (2)
where K = R . (atm), the standard free energy change
for reaction (1) were calculated. This is shown in Table 
IV-3 and in Fig. 22. The equation for the straight line 
obtained in Fig. 22 as determined by a least-square linear 
regression analysis is
AG° = 54,453 - 43.7T (502° - 624°K) (3)
Therefore, for reaction (1)
AH^ = 54,^53 cal mol”^
and A3° = ^3»? e.u.
B. IDENTIFICATION OF VAPOR SPECIES ABOVE MnCl2(c)
BY MASS SPECTRONETRY 
A sample of the purified NnCP^^^) v/as loaded in a 
graphite Knudsen cell and placed inside the furnace assembly 
of the time-of-flight mass spectrometer. After reaching 
proper vacuum inside the system, continuous scans were made 
at maximum sensitivity while the sample v/as heated from
1 0 0 ° -  550°c .
Peaks were first observed in the temperature range of 
350^-375^0. At 500^0, the following species were observed 
and identified by their masses of the relative isotopic 
abundances: Nn***, Cl**", 01^ , PnCl**', and PnCl^ • This
identification was followed by a appearance potential study.
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Table IV-3, The Standard Free Energy Change for the 
Reaction
Iv'InCl̂ ç̂jj = at Different Temperatures
Ave. Temp.
rnnHg 1"SK AGĵ f c&l
775.2  + 3 .8  0.00108200
815.5 ± 5.2 0.00761126
861.6  + 4 .8  0.04424833 





-  5.8477  20 ,743 .66
-  4 .9996 18 ,657 .15
-  4.2350 16 ,697 .26






6 ,0 0 0 -  A G r = 5 4 , 4 5 3 - 4 3 . 7 1
15 ,000
7 4 0 8 0 0 9 0 0
T,°K
FIG. 22- A G r  FOR THE REACTION 
MnCI2 - MnCl2 (g)
AS A FUNCTION OF TEMPERATURE;
O ,  a v e r a g e  OF THREE DETERMINATIONS; 
•  , AVERAGE OF SIX DETERMINATIONS.
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This study v/as done over a range of 10 to 50 electron volts.
It V /as found that the apnearance potential of lanCl̂  was lower 
than that of IlnCl . It v/as therefore concluded that the 
presence of hnCl"̂  v/as due to the dissociation by electron
bombardment of hnCl^ and that IInĈ 2(g) the principal
. 0 ,gaseous species present above hnCl^^^j at 500 C. Tests 
were repeated at temperatures above and below 500^0 and 
the same species were observed.
C. CALCULATION OF THE STOICKIOhZTRIC COEFFICIENTS 
FOR THE COI:PLS:{ATION REACTION 
The complexation experiments between NnCl^^^j and 
Fe^Clccg) using chlorine as the carrier gas were conducted 
in the transpiration apparatus. The flow rate of the carrier
o —1gas was chosen between 80 and 120 cm-̂  min" on the basis of 
the results for the pure NnCl^^^j experiments. In order to 
calculate the various stoichiometric coefficients for the 
complexation reaction
y MnClgfc) + X FtgClacg) + Z Cl2(g)
bnyPe2xCl(g%+2y+2Z)(g)
a number of experiments were conducted. The results are 
shown in the follows tables and figures;
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i) Table IV-4 - This table gives the experimental data 
that were recorded during an experiment as well as 
the condensate analysis, 
ii) Table IV-5 to IV-3 - These tables give the experimental 
results which were calculated using the computer program, 
assuming different molecularities for the complex species 
as shov/n below;
a) Table IV-5 - Assumed complex species; IvInFê Clĝ ĝ
b) Table IV-6 - Assumed complex species; IlnFeCl̂ ^̂ ^
c) Table IV-7 - Assumed complex species; wnFe^Cl^^
d) Table IV-8 - Assumed complex species; Mn^Fe^Cl^g^^^
iii) It was originally planned that log ^complex ^°uld be
plotted against carrier-gas flow rate holding ,
F̂e Cl * ^HnCl constant. However, due to the 
lack of absolute temperature control of the saturation 
furnace, the m  could not be kept constant.
Hence log K was plotted against flow rate (this plot 
would automatically account for the fluctuations of
because K is Pcomplex/fpegCl^)'
is shov/n in Fig. 23.
The results of experiments HnFe-24 and HnFe-25 do 
not agree with the results of the other experiments.
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) (the saturation zone v/as around 200^0 for 
these experiments compared to 230 Ĉ and above for the 
rest of the experiments),and 2) equilibrium may not 
have been established in the reaction zone between 
the PeCl^^g) and Fe^Cl^^^j. Thus, the results of 
these two experiments were rejected in this study.
On the basis of this experience, it was concluded 
that there should be a minimum of 2 mmKg pressure of 
FegCl^^ ) to obtain reproducable results. In the same 
manner, it can be said that the present transpiration 
apparatus does not work when the FU is
increased above 12 mmHg since the condensate forms 
a crust inside the condenser and prevents any further 
flow of gases through,
iv) Figs. 24, 25f 26, and 27 show the relationship between 
log ^complex and log wi-Hi different assumed
species as shown below;
a) Fig. 24 - Assumed complex species; MnFCgClg^ ^
b) Fig. 25 - Assumed complex species; MnFeCl^^ ^
c) Fig. 26 - Assumed complex species; KnFe^Cl^^^^^
d) Fig. 27 - Assumed complex species; Kn^Fe^Cl^Q^^^
These plots, as explained in section B of 
Chapter III, were used to determine the stoichiometric 
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The slope of these lines equals X and v/as obtained by a 
least-square linear repression analysis of the data. A 
value of 0.99 was obtained in all four cases. Thus it 
can be concluded that X equals 1.
Now the complexation reaction (4) can be written
Y + Z Clg^g)
= lun^FegCl^-^2y+2z) (g)
v) Fig. 28 shows the results of the experiments in which 
the partial pressure of chlorine was varied and the 
assumed composition of the complex varied. These 
results were used to determine the stoichiometric 
coefficient Z in the complexation reaction (5)» In 
Fig. 28, log K instead of log ^complex used for 
the same reason that P„ was not constant
during the set of experiments. Fig. 28 shows that 
in all cases, independent of the complex species 
assumed, the value of Z is zero. This shows that 
chlorine gas does not take part in the transpiration 
reaction and acts only as an inert carrier-gas. Hence 
the complexation reaction (5) can now be written
Y KnCl2(j,) + Fe2Cl^(g) = HriyFegCl̂  (g)
vi) No results of the experiments where Q. v/as^nCl2(c)
changed are shown. The determination of the value of
T 1496
0.0
MnFGjCI| I D" O
—  1.0 — IN ALL CASES Z = 0
LOG
loMPLEx/PpegCie^
















FIG. 2S — DETERMINATION OF Z IN THE REACTION YMnCl2(c)  +  
Fe2Cl6(g) +  Z C l2(g) = MnYFe2CI(6 +  2Y4-2Z)(9) AT 502.0°C  
AND QMnCl2 ’  * •
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Y is not yet complete, lie idea of making a fused salt 
mixture of HnCl^^^) .̂nd IJaCl̂ ĵ and then passing Fe^Cl^^^j 
over the mixture did not work. V/hen the carrier gas 
saturated with Fe^Cl^^^^ reached the reaction zone, 
instead of reacting with the IlnCl^^from the fused 
salt, it started going into solution in the fused salt.
The experiments were repeated after the fused salt 
was first saturated with Fe^Cl^^^^. However, the results 
showed that the activity of HnClg/^v did not change in 
the fused salt, even though fused salts with different 
concentrations of îlnCl̂ ^̂ j were used in these experiments.
Alternatively, it was believed that a fused salt
of low eutectic point should be used in these experiments.
Therefore, a fused salt mixture of LiCl-KCl was made and
saturated with Fe^Cl// \. This mixture was placed in2 oig;
a graphite Knudsen-cell with mnCl2^̂  ̂ in a separate 
portion of the cell and a mass spectrometric analysis 
was made. If the species I.lnFê Clĝ  is the only 
species identified, then it could be said that the value 
of the stoichiometric coefficient Y is 1. If other 
species were identified, the value of Y should accordingly 
be calculated. However, this experiment did not show 
any useful results, probably due to the rapid vaporization
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of POgClx/ \ from the cell. The value of Y was2 6(g)
therefore assumed to be 1. The complexation reaction
(6) can now be written as
+ re g C la t ) = UnFSgClg; ) ( 7 )
D. CALCULATION OF AG° FOR THS CONPLSXATION REACTION
BETWEEN f.'nCl2(c) AND FegClgfg)
The complexation reaction between ÎJnCl2^̂ j and Pe2Cl^(g) 
has been determined to be of the form
MnClgfc) + FegClofs) = '■'"̂ ®2°̂ 8(g) (?)
and its equilibrium constant given by
K = --- (8)




Mow using the expression
AG° = - RT In K (2)
the standard free energy change of the complexation reaction
(7) was calculated. From. Fig. 23, log K for this reaction
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at 502.0^0 is - 1.475. Therefore
AG° = + 5232.3 cal at 502.0°C.
The standard free energy change of the complexation 
reaction at any other temperature can be calculated using 
equation (2) if the values of the equilibrium constant are 
known at that particular temperature.
E. CALCULuVTION OF AH% AMD AS° FOR 
THE COMPLEXATION REACTION 
To calculate aH^ and A3̂ , AG° has to be measured over 
a range of temperatures. Experiments were conducted at 
different temperatures, ranging from 385^ to 575^3. To 
obtain reliable results at these temperatures, experiments 
were made at three different flow rates at each temperature.
The experimental data for the investigation of the 
complexation reaction (7) at different temperatures are 
given in Table IV-9. The results for these experiments 
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The values of the equilibrium constant as a function 
of carrier-gas flow rate at different temperatures are 
plotted in ?ig, 29, From this plot, the mean value of K 
at each temperatures was determined, and using equation (2) 
the Alp values were calculated. The results are given in 
Table IV-11, Using these values Alp (cal) was plotted as 
a function of reaction temperature T (°K) (see Fig. 30).
The equation for the straight line drawn through the data 
points in Fig. 30 determined by a least-square linear 
regression analysis given as follows:
aC-° = 14,960 - 12.60 T (385°-575°C) (10)
Therefore, for the complexation reaction (?) between MnClg^^) 
and )
and
AH° = 14,960 cal mol""̂
AS° = 12.60 e.u.
The vapor pressures of MnCl^^^j that were used in all 
the calculations of the partial pressure of the complex 
species FnFegClg, were obtained from the equation
AG° = 54,453 - 43.?T (3)
This equation v/as determined by a separate study (see section 




























FIG. 29 -  EQUILIBRIUM CONSTANT FOR THE FORMATION OF
THE COMPLEX SPECIES MnFegCIg^g) AS A FUNCTION 
OF FLOW RATE AND AT DIFFERENT TEMPERATURES.
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Table IV-11, The Standard Free Energy Change for the 
Reaction
atMnClgfc)  ̂^®2^^6(g) - MnFegClg^g)
Different Temperatures .
Ave. Temp. 
°K log K AGr , cal
658.5 ±3*3 - 2.19 + 6599.12
712.4 + 4.0 - 1.84 + 5998.29
734.4 + 4.0 - 1.70 + 5713.04
775.2 + 3,0 - 1.475 + 5232.29
804.4 + 3.4 - 1.33 + 4895.64
827.6 + 3.2 - 1.16 + 4393.03
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4 , 0 0 0
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AG r = 14,946-12.607
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T,°K
FIG. 30 - A G r  f o r  THE REACTION MnCIg^o +  FegCIg^g) = 
MnFe2Cl8(g) AS A FUNCTION OF TEMPERATURE  
O, AVERAGE OF THREE DETERM INATIONS;®,  
AVERAGE OF FIFTEEN DETERMINATIONS.
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CHAPTZR V 
DISCUSSION OF THF RFSULTS
As discussed in section G of Chapter IV, the activity 
of the crystalline phase of KnCl^ could not be varied in 
the transpiration experiments, and so the value of Y in 
the complexation reaction between HnCl^^^j and Fe^Cl^^^^ 
has been assumed as 1 in this study. An effort to identify 
this value with the help of the mass spectrometer also 
failed at the present moment. However, it should be 
mentioned that the transpiration technique is extremely 
useful in obtaining quantitative results.
It was shown that chlorine gas does not take part in 
the complexation reaction (the value of the stoichiometric 
coefficient Z is zero) except acting as an inert carrier- 
gas. Also, the value of the stoichiometric coefficient X 
in the complexation reaction was determined to be 1. The 
vapor species of MnFOgClg^  ̂ v/as therefore assumed in this 
study of the complexation effects of IvinCl̂ ^̂ j in the presence 
of FCgCl^^^)' No minor complex species were found to be 
present in the Mn-Fe-Cl system,
The vapor pressure of MnCl^^gj over its solid phase 
has been independently determined at different temperatures,
162
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and the standard free energy change for the reaction
'■^^2(c) ‘'‘"^-2(2)
has been calculated to be
aG° = 54,453 - 43.7?; + 216 cal mol'l
1502° - 624°C} (2)
The uncertainty of +216 cal mol” in the Alg value was 
introduced due to the temperature fluctuation in the reaction 
zone. From the above equation (2) v/e see that
and
AH° = 54,453 cal rnol"̂
The only other data available in the literature is 
that given by Rigg^^^^ and Brewer and others They
obtained the equation for the standard free energy change 
of the reaction (1) using R. over its liquid
2(g)
phase, and the Clausius-Clapeyron equation. Rigg 
obtained
A.G° = 49,683 - 37.8 T (3)
(50)
AYg = 51.191 - 38.5 T (4)
However, these equations cannot be compared directly to the 
results of the present study, because these were estimated 
and not experimentally determined.
and Brewer and others  ̂  ̂ obtained 
,0
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In order to determine if the Ah% and A3^ values 
obtained for iinClp are consistent with those for other 
transition metals such as HiCl^ and CoClp, the literature 
was searched and the findings are given in Table V-1.
It can be seen that the results of the present study 
compares well with that of other transition metals^^^^.
The standard free energy change for the complexation 
reaction between KnClg^^) and RegCl^f^), i.e.,
r.m ci2 (c )  + = r.InPegClg(g) ( 5 )
has been measured at different temperatures between 385 
and 575°C.
AG° = 14,946 - 12.60 T; + 46 cal mol”̂
(385° to 575°C} (6)
From this equation, the following quantities were determined: 
and
AHp = 14,946 cal mol"^
AS^ = 12,60 e.u.
The amount of uncertainty of + 46 cal mol”  ̂introduced in 
the Ag^ value is due primarily to the temperature fluctuations 
in the reaction zone.
Dewing(^7) has studied this system previously and obtained 
the following values for the reaction
MnCl2(^) + ZFeCl^fg) = wnFCgClg^^^ (7)
AH^ = - 19,100 cal mol ^
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O 0 _Table V-1. Comparison of AIIq and ASn Values of î.lnCl̂  
(Present Study) with that of NiCl^ and CoGl^ 
(Literature) for the Reaction neClg^^) “ ’̂̂®^^2(g)*
MeCl
AH%, Cal mole■=t ASp, e.u.
























Approximately estimated by Rigg^^^^ using AHy and
Prn m  over its liquid phase; not experimentallyknCl2(g)
determined
Estimated by Brewer and others (50)
Experimentally determined by Schafer(47)
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and
AS% = - 21.2 e.u. at 750 K
Using the values of the standard free energy change for 
the formation (Aĝ J of PeCl^^^^ and ?e201 (̂̂ ) given in 
JANÀ? Tables the following calculation v/as made for
the reaction
2FeCl3(g) = (8)
Ag^ = - 9316 cal mol”  ̂at 750°K. Now combining 
equation (5) and (8), and using their AG^ values at 750 %̂, 
the AG^ for the reaction (7) was found to be
AG^ = -3,820 cal mol"^ from the present study. Dewing^^^^ 
obtained a value of AoS = - 3,200 cal mol”  ̂for the same 
reaction (7).
In the same manner, using AH^ for FeCl^^^) and Fe^Ol^^^j 
from JANAF Tables^^^^, the present investigation gave a value
of
AH° = - 18,682 cal mol“^
Dewing^^^) obtained a value for AH^ = - 19,100 cal mol”  ̂
for the reaction (7) at 750°%'
Making use of Dewing's^^^^ values of AH° and AS° 
for the reaction (7), the standard free energy change for 
the complexation reaction (5) as a function of temperature 
was calculated to be
AGR = 14,528 - 11.13 T
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which can be compared to the following equation obtained 
by this study;
= 14,946 - 12.60 T (6)
(27)The slipht difference in results between Dewing^
and the present investigation may be due to the experimental
(?7)procedure that Dewing '  ̂ adopted. A discussion of Dewing's 
work has been made in section D of Chapter I.
The large increase in the apparent partial pressure 
of MnClg^^) in the presence of Fe^Cl^^^j as a function of 
m  at 502.0^0 is shown in Table V-2. These valuesf^2Cl6(g)
were calculated using equation (40) of Chapter III. It can 
be seen that there is a tremendous effect of complexation 
(36,800^ for p-, = 12.8 mmHg) between MnCl?/ \ and
at 502.0 C. Also, for the same constant temperature, 
an increase of Pp from ~ 5 mmHg to 10 mmHg doubled
the apparent partial pressure of MnClg^^).
A 1,4606 increase of the equilibrium constant for the 
complexation reaction (5) was obtained when the reaction 
temperature was changed from 385° to 575°C.
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Table V-2, Percentage Increase .in the Apparent Vapor
Pressure of MnClg^ j in the Presence of FegCl^^-)
as a Function of Pp̂  







0.001082 2.48046 0.087467 0.087467 8,083.8
0.001082 4.99376 0.171200 0.171200 15,822.6
0.001082 5.82694 0.204299 0.204299 18,881.6
0.001082 9.8O660 0.325025 0.325025 30,039.3




work done on the MnClp and Mn-Ee-Cl systems by means 
of the transpiration apparatus and mass spectrometer has 
led to the following conclusions:
1. The transpiration technique is a very useful tool 
for obtaining quantitative data for the complexation 
reactions.
2. The vapor species above MnCl^^^^ is MnClg^
3. The standard free energy change for the sublimation 
reaction of MnCl^^^j v/as found to agree quite well 
with that of other transition metal chlorides, e.g. 
NiCl^ and CoGl^.
4. The molecularity of the vapor complex species 
MnyFe2^C1^^^^2Y+2Z)(̂ ) been determined to be
MnyFe2Cl(^+2Y)(^) ' The value of Y could not be 
determined with the experimental technique used.
A value of 1 for Y has been assumed.
5. The standard free energy change for the complexation
( 27 )reaction compares well with that of Dewing ' .
169
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6. The A and A 3° are both found to be positive values 
meaning that the complexation reaction is an endothermie 
one where heat should be supplied for the reaction to 
proceed, and there is a strong bond between MnCl^^^j 
and Feg^lofg) to the formation of the complex 
species in the gas phase.
7. The tremendous effect of complexation upon vapor pressure 
(36,800^ increase for =12.8 mmHg) between
MnCl^^çj and Fê Gl̂ ^̂ ĵ was observed.
8. The equilibrium constant for the complexation reaction 
increased 1,460^ when the reaction temperature was 
changed from 385° to 575°G.
9. The uncertainty in the results determined was mainly 
introduced by the fluctuation in the reaction temperature 
(an average of + 5.0°C),
10. The manyfold increase of apparent partial pressure of
MnClg^ ) and the equilibrium constant for the complexation 
reaction between MnCl^^^j and PCgCl^^  ̂ lead to the 
conclusion that the complexation technique will be very 
useful for the extraction of manganese from its lov/ 
grade chloride ore, slag or scrap.
T 1496
CHAPTER VII 
SUGGESTION! FOR FURTHER UORi
i) A method has to be developed by which the activity 
of I-InCl̂ ^̂  ̂can be varied and the stoichiometric coefficient 
Y in the complexation reaction can be determined. Then the 
molecularity of the complex species need not be assumed.
Once this method is developed, any complexation reaction 
involving any species can confidently be studied,
ii) Many previous investigations on the complexing 
effect have been carried out with Al^Gl^^^^ as the 
complexing agent. It will be worthwhile to study the 
system ^-AlgClg.
iii) It may be of interest to study the complexation 
effects in ^101% CoCl^, CdClg, PbClg, ZnCl^, SnClg, AgCl, 
and AuCl using Fe^Cl^^^j and Al^Cl^^^^. From this study,
a process (selective distillation) to recover from ores 
containing one or more of these metals can be invented.
iv) It may be also worthy of further investigation 
to study the complexing effect, if any, in systems such as 






APPENDIX A. Correlations Observed in the 
Formation of Volatile Complex Snecies
An overall evaluation of the literature survey conducted 
on the formation of the vapor complex species indicates three 
basic areas of investigations which should yield information 
on the possibility of vapor complex formation. Deviation 
of the partial pressures of the components from established 
thermodynamic relationships, deviation of the total pressure 
from its expected behavior based on liquid association, and 
formation of compounds in the condensed phases of the system 
all provide clues to the formation of vapor complex species.
1. Application of the Duhem-Naraules Equation 
to Measured Partial Pressures 
The deviation of the. partial pressures of a system from 
that calculated using the Duhem-Margules equation is a very 
strong indication of vapor complex formation. This is based 
upon the Gibbs-Duhem equation for a homogeneous binary 
system, which is:
SdT - VdP + n^dp^ + n^dp^ =0 (1)
where
S = entropy of the system
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T = temperature 
V = volume of the system 
P = pressure of the system 
n = number of moles of a species 
U = chemical potential of a species 
a, b = different species 
At constant temperature, the equation reduces to :
^^i^^i ~ (2)
where i denotes any species, a or b. At equilibrium, the
chemical potential of a species, in the liquid and the
gas phases can be related according to the equation:
^soln ^ yVaP = + RT In pj_ (3)
or
jjySoln ^ din (4)
where the pressure terms in the last equations are based on 
the laws of a perfect gas mixture. Substitution of 
equation (4) into (2) and rearranging the equation yields;
lnj_ din ?i = (5)
Dividing both sides of the equation by the total number of 
moles yields:
2X. din p. = (6)
where X- is the mole fraction of component i in the condensed 
phase, andv. is the mean molar volume of the condensed phase.
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The ideal gas lav; states that:
PVg = RT (7)
where v is the mean molar volume of the vapor phase. 
Substitution of equation (7) into (6) yields;
din pu = din P (8)
At pressures below the critical pressures, this equation 
reduces to;
EX^ din pu = 0 (9)
For a binary system, equation (9) becomes:
X^ din p^ + X^ din p^ = 0 (10)
The changes that occur in the din p terms are due to 
composition changes dX at constant temperature T. Thus,
'a lnp_ 3 Inp,X (  â ) + X. (  ^ ) = 0 (11)
^ 3X̂  T 3X^ T
For a binary system,
Xa + Xb = 1 (12)
and
3Xa + 8Xg = 0 (13)
Finally, rearranging the equation (11) yields
1496 1?6
and
a(.^;a) . ib ( l_b) (15)
This is the Duhem-Nargules equation. This implies that 
if an increment dX^ causes an increase in pressure dp , 
it will also cause a definite decrease in the partial 
pressure of component b, - dp., since and are
always positive and
dX^ = - dX^ (16)
Equations (14) and (15) imply a relationship between the 
gradients of the vapor pressure curves. These equations 
can be used in conjunction with transpiration data to 
determine the possibility of the formation of vapor complexes. 
Transpiration data provide a method of analysing the composition 
of the vapor phase by a chemical analysis of the vapor that 
is transported from the reaction zone to the condenser. The 
apparent partial pressures of the vapor phase constituents 
can then be calculated based on .the chemical analysis of the 
condensate. The partial pressures are only apparent pressures, 
because these calculations are made on the basis of no vapor 
phase association. If these partial pressures, when plotted 
against composition of the liquid phase, fail to obey the 
Duhem-r.argules equation (i.e. their tangents are not equal^^^^, 







FIG. 31 “ APPLICATION OF THE DUHEM-MARGULES  
EQUATION TO A BINARY S Y S T E M (^4)
If the partial pressure data is consistent with the 
Duhem-Margules equation, then:
Pa \3Xa/Th  - p. K a x J TPb
In figure, for the composition P,
X- -  5PbAP
PR BX, gradient at R,
X BP
PQ ' JX_ =  gradient at Q.
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formation in the nas phase, which has been neglected in 
the calculations. In ?ip. 31, whether to plot the pressures 
and use the Duhem-barpules relationship (applies to equation 
1 5) or to plot their logarithms and use (applies to equation 
14) depends on the shape of the curves in the particular 
system. The essential requirement is the accurate measurement 
of the tangents. Departure from the above equations (14) or 
(15) due to deviations from the law of perfect gas mixture 
do not usually exceed a small percentage except at pressures 
above atmospheric or if there is association in the vapor 
phase. This can be noted in the following works,
(17)Sense and others '‘ observed for the Nap-2r?r system 
that the apparent partial pressure of both NaF and ZrF^ 
calculated from condensate analysis increased with decreasing 
mole percentage of iiaF in the liquid phase. This behavior 
is contrary to the Duhem-bargules equation and thus led them 
to the conclusion that another vapor species (ilaZrF^) must 
also exist in the gas phase. Calculations of the apparent 
partial pressures based upon NaF, ZrFk and NaZrF^ in the gas 
phase were found to agree with the Duhem-iîar.gules equation.
The apparent partial pressure of a component can also 
be comnared with the partial pressure of the pure component.
If the apparent partial pressure is greater than the partial
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pressure of the pure component, then the system is
thermodynamically inconsistent and indicates the formation
(17)of some vapor complex species. Sense and others noted 
in the NaF-Zr?^ system that the apparent partial pressure 
of NaF calculated from transpiration condensate analysis 
v/as greater than the vapor pressure of pure NaF, This 
they note would mean an apparent activity of NaF greater 
than unity, and this is thermodynamically inconsistent.
This apparent behavior resulted in their investigation of 
the NaF-ZrF^ system and their subsequent identification of 
the complex species NaZrF^^^^. has noted
apparent partial pressures of metal chlorides far in excess 
of their known partial pressures of pure components in
systems
where be is Co, Mn, Cd, Zn, Pb, Cu, Mi, Ca or Mg, This 
enhanced volatility has been attributed to the formation 
of vapor complex species,.
A corollary of the Duhem-Margules equation is noted 
by Bloom^^^), who states that when the apparent vapor pressure 
of the more volatile component (say, PbCl^ in PbCl2“KCl 
system) shows negative deviations from Raoult's law and when 
the less volatile component (KCl) has vapor pressures far 
in excess of the Raoult's law value, that there is a definite 
conflict with the Duhem-Margules equation. These deviations
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from Raoult's law would indicate the formation of one or 
more complex species in the vapor phase. For a binary 







where X_ is the mole fraction of component A in the solution.
A solution to this differential equation (1?) may be expressed 




In [Pb/P^l-bi = + 1/3 + ... (18-b)
where p̂  ̂and p^ are the vapor pressures of the two pure 
liquids at the particular temperature and total pressures, 




where y is the activity coefficient of a species. The 
equations (18-a) and (18-b) can be used to express the observed 
partial pressures even in cases where the behaviour of the
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solution deviates extensively from Raoult's law. Neglecting
the higher order







and therefore the first terms in equation (18-a) and (18-b) 
are zero. Now using equations (20-a), (20-b) and (20-c), 
equations (18-a) and (18-b) can conveniently be modified in 
the following form, as proposed by Carlson and Colburn^^^^.
log = (2B-A)X^ + 2(A-B)x2 (21-a)
log y, = (2A-B)X? + 2(B-A)x2 (21-b)b ' ~ ' "a. ' a
where A and B are coefficients which depend on temperature. 
Zero values of these coefficients in these equations mean 
that Raoult's law is valid. Another 'two-constant' equation 
for the representation of partial pressure data of a binary 
system was proposed by van Laar which is based on the van der 












As proposed by Bloori/^^\if the more volatile component 
X shows negative deviations from ideal law (i.e. Y <1 
and so log Y is negative),and if the less volatile component 
X, shows positive deviations from ideal law (i.e. Y^ >1 
and so log Y. is positive), then there is a definite conflict 
with the Duhem-Margules equation. This can be shov/n to exist 
by substituting the values of log Y and log Y^ in equations 
(21-a) and (21-b), and (22-a) and (22-b) separately and 
arriving at the following results. Equations (21-a) and 
(21-b) give;
B < A (23-a)
and equations (24-a) and (24-b) give:
B > A (23-b)
for the same system. Even if the less volatile component 
has been chosen as X , and the more volatile component as 
X̂ , it can still be shown that the same conflict would exist.
This type of conflict was found to exist in the PbCl2“ 
CsCl system by Bloom and Hastie^^^^ where PbCsCl^^g^ was 
known to be present in the vapor state by a previous mass 
spectrometric analysis^ This unique deviation from
Raoult's law v/as also noted by Barton and Bloom^^^^ for the 
PbCl2“KCl system, in which they explained the deviation was 
an evidence of the probable existence of a vapor phase 
complex.
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also indicated that the presence of any vapor 
complex species in a mixed halide system can sometimes be 
inferred from the measurements of the thermodynamic activity.
In the system PbClp-PbBrg (also in many systems such as 
PbClg-KCl, PbCl2-RbCl, CdClg+KCl etc.,), the activity of 
PbBr^ was found to be less than the ideal value for all 
compositions, and the apparent values of the activity of 
PbCl^ were mostly higher than ideal values and this is 
contrary to the Gibbs-Duhem relationship:
Xj + Xg dGg^ = 0 (24 )
d(RTlnQ^) + Xg dfRTlnOg) = 0 (25)
Xj d(RTlnyĵ Xĵ ) + Xg d(RTlnY2X2) = 0 (26.)
For constant composition and temperature,
Cj d(lnYĵ ) + Cg ddnYg) = 0 (2?)
where and are constants involving X, R and T.
Assuming that component 1 has negative neviation from ideality, 
then Y^°(at X^=0) is less than unity and the value of 
will increase as X̂  increases making d(lny^) a positive 
quantity (see Fig, 32), At Xg = 1 (i,e. X̂  = 0), yg is unity 
and the value of yg will decrease as X̂  decreases (i.e, X̂  
increases) if component 2 also has a negative deviation from 
the ideal gas law, making d(InY^) a negative quantity. In 




FIG. 32 -SC H EM ATIC  OF AN ACTIVITY DIAGRAM FOR 
A BINARY SYSTEM.
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if component 2 has a positive deviation from ideality instead 
of a negative deviation, the value of Yp will increase as 
decreases (i.e. X, increases) making dflnyp) also a 
positive quantity. As both d(lny.) and dflnYp) s.re positive 
quantities when component 1 has a negative deviation and 
component 2 has a positive deviation from ideality, the 
Gibbs-Duhem equation (24) is no longer satisfied. Therefore, 
when two components of a binary system have opposite 
deviations from Raoult's law, there is a definite contradic­
tion to Gibbs-Duhem relationship, unless other explanations 
such as the formation of a vapor complex species between 
the binary components are given. The phenomenon of having 
opposite deviations from Raoult’s law indicates in the 
system PbClp-PbBrp that a reaction to form a double molecular 
species PbClp'PbBrp should take place in the vapor phase, 
thus making the apparent vapor pressures of both PbCl^ and 
PbBr^ too high. However, Bloom and Hastie^^^ identified 
the complex species to be PbClBr^^j and not a simple addition 
compound PbCl^’PbBr^ using a mass spectrometer.
According to Bloom^^^\ the Gibbs-Duhem equation can 
also be used to determine the nature of the molecularity 
of the vapor complex species. Bloom^^^^ calculated the 
difference between the apparent total vapor pressure, based 
on the transpiration measurements assuming no association
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in the vapor phase, and the actual total vapor pressure 
based on the static pressure measurements. This difference 
is plotted as a function of liquid composition. If this 
plot passes through a maximum, the liquid composition at 
this maximum is the mole ratio of the two components in 
the vapor phase complex formed. Bloom and Hastie^^^^ in 
addition note that if this curve is symmetrical about this 
maximum point, only one vapor complex species is believed 
to be formed, while an unsymmetrical curve indicates the 
formation of more than one vapor complex species. These 
authors propose a second complex species, NaCdgCl^^g) in 
the NaCl-CdCl^ system, and CsCdCl^^^j in the CsCl-GdCl^ 
system in addition to the simple additive compounds of 
NaCdCl^^gj and CsCdCl^^gj respectively, due to the lack 
of symmetry in these different plots, Schrier and Clark 
also used the same technique of the difference-curve to 
propose the vapor complex species KlhgCl̂  ̂ \, However,
Bloom and Hastie^^^^ further commented that Schrier and 
Clark^^^) have failed to note another vapor complex species 
indicated by the unsymmetrical shape of their difference- 
curve ,
T 1496 187
2, Deviation of the Ihasured Total Pressure 
from that Calculated from the Known 
Prorerties of the Liquid 
Another source of information on the possibility of 
vapor complex formation is the deviations of the total 
pressure from that of the calculated from the partial 
pressures. These effects can be noted in Figs. 33» 3^» 
and 35 where the changes due to association in the liquid 
and gaseous phases can be separated on the basis of 
experimental data. The partial pressures used in these 
three figures are calculated from transpiration measurements 
The authors considered liquid association in 
calculating the partial pressures of the two components 
above the liquid and also gaseous association in calculating 
the partial pressures of the complex species. The sum of 
the partial pressures of the two components gives the total 
pressure of the binary system excluding the effect of 
complexation, while the sum of all the partial pressures 
yields the actual total pressure of the binary system 
which includes the presence of the vapor complex species. 
These two total pressure curves do not coincide when plotted 
and the difference becomes more pronounced when the partial 
pressures of the two pure components are more nearly equal. 
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FIG. 33 -DEVIATION OF THE TOTAL VAPOR PRESSURES IN THE 
SYSTEM PbCl2-CsCI AT
O -BASED ON IDEAL SOLUTION AND ASSUMING NO ASSOCIATION 
- IN THE GAS PHASE
O - ACCOUNTING FOR ASSOCIATION IN THE LIQUID PHASE ONLY
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FIG. 34-DEVIA TIO N  OF THE TOTAL VAPOR PRESSURES IN 
THE SYSTEM KCI-M gC lg  AT 802«C ('4 )
O -B A S E D  ON IDEAL SOLUTION AND ASSUMING NO ASSOCIATION 
IN THE GAS PHASE
O - ACCOUNTING FOR ASSOCIATION IN THE LIQUID PHASE ONLY
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FIG. 35-DEVIATION OF THE TOTAL VAPOR PRESSURES IN THE 
SYSTEM NoF-ZrF4 AT I025°C^'‘̂ ^
O -B A S E D  ON IDEAL SOLUTION AND ASSUMING NO ASSOCIATION 
IN THE GAS PHASE
O -ACCOUNTING FOR ASSOCIATION IN THE LIQUID PHASE ONLY
A-ACCOUNTING FOR ASSOCIATION IN THE LIQUID AND THE GAS
PHASES
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total pressure does not apree v/ith that of the calculated 
from the known properties of the condensed phase, then it 
can be assumed that there is an association between the 
components in the gaseous phase. Schrier and Clark^^^^ 
determined the actual total vapor pressure curve as a 
function of liquid composition for the system KCl-kgClg,
They also determined a total vapor pressure curve based 
upon transpiration data assuming no vapor complex formation. 
As these tv/o curves did not coincide, it indicated that 
there was a vapor phase interaction between the components 
forming a complex species,
3• Comnlexing in the Condensed Phase 
One of the important clues to the formation of complex 
species in the vapor phase is the formation of a complex 
species in the condensed (solid and liquid) phase. Howard 
noted that the system NaP-AlF^, which has the vapor complex 
NaAlF^^gj, might contain the complex Na.A.lF̂  in the liquid 
phase, based upon X-ray powder diffraction analysis of 
rapidly quenched liquid samples. Also Howard^^^ mentions, 
on the basis of chemical analysis, the solid phase contains
the complex species having the same 1:1 molar ratio, i.e.
(2 )NæVlFĵ . Dewing observed that in the system HaCl-AlCl^, 
there is a vapor complex NaAlCl^^^^ as well as a solid
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complex NaAlCl^^^)' me further postulated, on the basis 
of entropy calculations,that the possibility of the 
presence of a complex species of the same molecularity 
in the liquid phase is quite high,
Richards and G r e g or yn o t ed  that the system 
NaCl-FeCl^ has a complex species haFeCl^^^j in the vapor 
phase but no mention has been made about the presence of 
the complex species in the condensed phases. However, 
investigating the same system. Cook and Dunn^^^^ 
demonstrated the existence of HaPeCl^^^) the solid 
phase by the analysis of cooling curves and X-ray powder 
patterns and HaPeCl^/^) being stable in the liquid phase 
on the basis of their thermodynamic calculations. They 
also presented evidence to show the existence of complex 
species HaFeCl^^^^ in the vapor phase.
Bloom and Mastie^^^^ note that the partial molar 
excess entropies of PbClp would be expected to be negative, 
if complex ions are formed in the PbCl^-GsGl system. 
Accordingly they suggest the presence of complex species 
CsPbGl. in the vapor state and mention that it is essentially 
Cs***FbGl̂ ~. They have also related the formation of this 
species to the ability of Pb^* to form PbGl_" in the liquid 
phase. Gchrier and Clark ^ have identified the complex
species KTgCl^^ in the vapor state in the KCl-MgCl^ system.
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although previouG v;or’'̂ '̂ ® l’.as ch.ov.-r. that the predominant
ensecomplex species in the liquid phase is KphgCl^. S
(17)and others who identified the complex species haZr?^/ \
in the vapor phase, note that it is possible that a complex 
species of the form Ha^Sr?,^ may exist in the liquid phase 
for the NaF-ZrF^ system. This conclusion was arrived at 
by observing the marked negative deviations from Raoult's 
law of an activity plot which indicated strong attraction 
of the components in the liquid phase.
In all the systems in which complex species are known 
to form in the vapor phase, only in the KdCl-AlCl^ system^^^ 
a complex species does not seem to exist in the solid phase 
and no information is given for the liquid phase. Association 
in the vapor state appears to be concurrent with the asso­
ciation in the condensed phases, but every example mentioned 
here, where complex species exist in the condensed phases, 
is a system containing an alkali metal halide as one of the 
components, Thether vapor complexes generally occur 
concurrent with condensed phase complexes in other binary 
metal (non-alkali) halide systems is unlcnown.
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APPENDIX 3. Flowmeter Calibration Technique
The flowmeters were calibrated by measuring the flow 
rate corresponding to a displacement h in the flowmeter 
fluid, A Schematic of the apparatus is shown in Fig, 3 6 ,
To measure the flow rate, the time required for a meniscus 
to sweep a given volume in a graduated burette v/as recorded 
using a stop watch. The meniscus was a soap bubble formed 
by raising a soap solution to partially intercept the gas 
stream. The bubbles then rise in the burette at the same 
flow rate as the intercepted gas flow rate. The equation 
used to approximate the calibration was derived from the 
Poiseuille equation and is given as follows:
4ÏÏ g PtD h
Q  =  i------  = Xh (1)
where
o —1Q = flow rate, (cm^ sec” )
_pg = acceleration of the gravity, (980 cm sec” )
= density of the flowmeter liquid, (1,04 g cm”  ̂
for dibutylphthalate and 1,42 g cm”  ̂ for 
halocarbon oil)
D = diameter of the capillary, (cm)
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“ 1 “"I" viscosity of the yas, (y cm sec )
L = length of tlie capillary, (cm) 
h = displacement of the flowmeter fluid, (cm) 
and K = constant
Thus, from equation (1), for a given diameter of capillary, 
the length of the capillary could be adjusted to obtain 
the desired range of flow rate v/ith the maximum displacement 
h, In Fig. 37 3- typical flowmeter calibration chart is 
given.
However, the described procedure had to be slightly 
modified in the case of chlorine gas flowmeter calibration. 
Chlorine gas which readily reacts with the soap solution 
does not allow the formation of any bubbles. Hence, a very 
lengthy piece of tygon tube was connected between the 
flowmeter and the burette and fill it with argon gas.
The chlorine gas allowed into the system pushes the argon 
and in turn the soap bubble. This way the soap bubble will 
not be in contact with chlorine gas, but the movement of 
the soap bubble will still be a measure of the chlorine 
flow rate. The calibration will automatically stop when 
the soap bubble comes in contact with the chlorine gas.
This calibration gives the volume flow rate of carrier 
gas passing through the system, but for the transpiration 
experiments, the molar flow rate of the carrier gas was
T 1496 197
EQUATION OF THE LINE:5 0 0
Trg/^LD^h










needed. Thus, the at the point where the volume
flow rate was measui'ed must be known. Then the ideal gas 
law could be used to calculate the molar flow rate of the 
carrier gas,
n = H  (2)
where n = molar flow rate of the carrier gas 
P = pressure
V = volume flow rate of the carrier gas 
R = gas constant 
and T = room temperature,
But the line pressure varies from day to day due to 
the changes in the speed of the exhaust fan, temperature 
of the furnaces, glass line lengths and the level of the 
exhaust bubbler liquid.
To measure these changes and get the correct pressure 
in the system, a halocarbon oil manometer was included in 
the transpiration apparatus. This is schematically shov/n 
in Pig. 38. The oil manometer however can only be used 
if V is not a function of P. It can be proved that V is 











































Q = ------ —  (4 )
From Fig. 39-A, pressure at points A and 3 are equal, i.e.,
b  = t  (5)
Fq + P^gL + p̂ gY + p̂ gh = + PggY + f̂ gh (6)
Also, = Pq (7)
and = P^ - f̂ gL (8)
Therefore,
3*„+P,Sl + Pygh = + Pp̂ L +%gh (9)U Ü b " * ^ 0
(^Q-^) = S4((^-Pg) (10)
or
" qui (11)
Nov/ substituting equation (11) in (4), v;e get
4F P)gh 3
Q = --    (12)
Therefore, for a constant value of h, the volume flow rate 





F IG.39-SCHEMATIC OF THE FLOWMETER
^Cl Ar
FIG.393-SCHEMATIC OF CHLORINE 
AND ARGON MOVEMENT 
IN AN INFINITESIMAL 
DISTANCE.
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where AF^ is the height of displacement of the fluid in
the oil manometer and is the barometric pressure.Bar
The above derivation could be used if the carrier gas 
used during the experiment is the same as that of used 
during the calibration. Argon gas had to be used to 
calibrate the chlorine gas. The line resistance due to 
argon may be different from that of chlorine. Therefore, 
the accuracy of chlorine flowmeter calibration is entirely 
dependent upon how closely is .
Over any infinitesimal distance, the mass flux of 
chlorine“in equal to the mass flux of argon-out, i.e.
X = Y (see Pig. 39-3).
Thus "Gig = A r
and ^ ~ RT (1°)
Then,
A  . ^  (.7)
^A,Ar
and the T\ remains constant, mar
T 1496 203
In addition, a plot of AF^ against time (as Ar is 
pushed by Cl̂ ) or of V against time should be made. If 
V or AP_ appears to be independent of time, then argon 
can be used to calibrate the chlorine flowmeter. If 
however, the relationship is as shown in Fig. 39-G» 
the asymptotic value of V or A is the value to be 
used in the calibration of the chlorine flowmeter. It 
was however found that V and Ap^ are independent of time, 
meaning that the use of argon gas to calibrate chlorine 
flowmeter is quite valid.
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APPENDIX G . Thermocouple Calibration
mV
32
METAL USED : PURE ALUMINUM
I.e .  USED CHROMEL-ALUMEL3 0
MP OF Al 660 .05  "C
29
27
27.47  mV = 660 .5 °C
26
25
6 8 10 
T IM E , min
12 14





METAL USED : PURE LEAD
CHROMEL-ALUMELI.e .  USED
327.4°CMP OF Pb
13.36 mV= 327.74 ‘>C
8 10 12 16146
T IM E , min
FIG.41 -THERMOCOUPLE CALIBRATION CHART
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APPENDIX J. Chemical Technique
1, Grav ine tri c-Fyro nho s nhatc Précipitation
Method for I.an̂ -anese 
To a cold solution of manganese chloride containing 
about 0.1 g I'nO equivalent per 100 ml, 10 ml of ammonium 
sodium phosphate solution (100 g/l) per 100 ml of the 
sample solution v;as added. This solution is then made 
strongly ammoniacal and heated to boiling until the 
precipitate crystalizes. Then the precipitate was filtered 
and dissolved in a minimum amount of IP hydrochloric acid. 
This is then neutralized with ammonia to slight excess and 
3 ml of phosphate solution was added. This was again 
heated to boiling. Then the precipitate was filtered with 
tared gooch crucible and rinsed with Ifo Y/V ammonia.
This is dried and ignited at 500^0.
Then, V/t. of mn = V/t. of mngOgPy x 0.3S?1
2. Gravimetric-lilver Chloride Precipitation
Method for Chlorine 
To a 0.23 g sample of manganese chloride dissolved in 
150 ml water, 10 drops of concentrated nitric acid was added.
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This solution was heated to just below boiling and a O.3 N 
silver nitrate solution was added until no additional 
precipitate appears. The coagulated precipitate was then 
filtered into a tared gooch crucible and was in turn washed 
with very dilute nitric acid. This was then dried at 150^0. 
Then, Yt. of Cl = Tt. of AgCl x 0.2474
3' Iron-Redox Titration Method for Iron
A Ig sample of ferric chloride was dissolved in 
100 ml of 100 KCh (V/V). This solution was warmed at about 
50^0 and Stannous chloride solution (60 g SnCl and 6OO ml 
HOI diluted to 1 liter with K Ô) was added with a burette 
until any yellow color of the sample disappeared. This 
sample was then cooled and 10 ml of mercuric chloride of 
60 g/l was added. This solution was titrated with 0.1 U 
potassium bichromate using Ferroin as indicator. The 
titration was stopped when the color of the solution 
changed from brown to green with one drop excess at the 
end point.
Then,
V/t 0 of Pe = ml of titrant x 100 x 0.00346
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APPENDIX E. (Continued)
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AFPENDIa e . (Continued)
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